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$EVWUDFW 0DFKLQHWR0DFKLQH 00 SDUDGLJP DSSO\ WR V\VWHPV FRPSRVHG
E\ QXPHURXV GHYLFHV VKDULQJ LQIRUPDWLRQ DQG PDNLQJ FRRSHUDWLYH GHFLVLRQV
ZLWK OLWWOH RU QR KXPDQ LQWHUYHQWLRQ 7KH 00 VWDQGDUG GHILQHG E\ WKH
(XURSHDQ 7HOHFRPPXQLFDWLRQV 6WDQGDUGV ,QVWLWXWH (76, LV WKH RQO\ RQH
SURYLGLQJ DQ HQGWRHQG YLHZ RI WKH JOREDO 00 DUFKLWHFWXUH 1RWLFHDEO\
LW IXUQLVKHV D VWDQGDUGLVHG IUDPHZRUN IRU LQWHURSHUDEOH 00 VHUYLFHV WKDW
VDWLVILHV PRVW RI 00 PRGHOOLQJ UHTXLUHPHQWV +RZHYHU DQG HYHQ WKRXJK
00 V\VWHPV XVXDOO\ RSHUDWH LQ KLJKO\ HYROYLQJ FRQWH[WV WKLV VWDQGDUG GRHV
QRW DGGUHVV WKH LVVXH RI V\VWHP DGDSWDWLRQV ,W LV IXUWKHUPRUH XQVXLWDEOH IRU
EXLOGLQJ VHOIPDQDJHG V\VWHPV 7KLV SDSHU LQWURGXFHV D PXOWLPRGHO DSSURDFK
IRU PRGHOOLQJ PDQDJHDEOH 00 V\VWHPV 6DLG DSSURDFK FRQVLVWV LQ D IRUPDO
JUDSKEDVHG PRGHO RQ WRS RI WKH (76, 00 VWDQGDUG DORQJVLGH ELGLUHFWLRQDO
XSGDWHV WKDW HQVXUH OD\HU FRKHUHQF\ ,WV ILWQHVV IRU HQIRUFLQJ VHOIPDQDJHPHQW
SURSHUWLHV LV GHPRQVWUDWHG E\ GHVLJQLQJ KLJKOHYHO UHFRQILJXUDWLRQ UXOHV
)LQDOO\ LWV DSSOLFDELOLW\ LV LOOXVWUDWHG DQG HYDOXDWHG XVLQJ D VPDUWPHWHULQJ
DSSOLFDWLRQ
.H\ZRUGV 00 FRPPXQLFDWLQJ V\VWHPV G\QDPLF UHFRQILJXUDWLRQV
DXWRQRPLF FRPSXWLQJ JUDSK UHZULWLQJ (76, 00 DUFKLWHFWXUH
5HIHUHQFH WR WKLV SDSHU VKRXOG EH PDGH DV IROORZV (LFKOHU &
*KDUEL * 0RQWHLO 7 6WROI 3 DQG *XHUPRXFKH 1 [[[[
µ6HOIPDQDJHPHQW RI PDFKLQHWRPDFKLQH FRPPXQLFDWLRQV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DSSURDFK¶ ,QW - $XWRQRPRXV DQG $GDSWLYH &RPPXQLFDWLRQV 6\VWHPV 9RO [
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%LRJUDSKLFDO QRWHV &H´GULF (LFKOH LV D 3K' DSSOLFDQW DW /$$6&156 DQG
,5,7 /DERUDWRULHV 7RXORXVH )UDQFH $IWHU REWDLQLQJ D &HUWLILHG (QJLQHHU
GHJUHH LQ &RPSXWHU 6FLHQFH DQG $SSOLHG 0DWKHPDWLFV KH KDV EHHQ ZRUNLQJ
RQ IRUPDO PHWKRGV IRU WKH VSHFLILFDWLRQ RI G\QDPLF GLVWULEXWHG V\VWHPV +H
LV FXUUHQWO\ FRPDQDJLQJ WKH QDWLRQDO $15 623 SURMHFW IRU ZKLFK KH LV
DOVR GHYHORSLQJ DQ DXWRQRPRXV PDQDJHU EDVHG RQ FRUUHFW E\ FRQVWUXFWLRQ
UHFRQILJXUDWLRQV
*KDGD *KDUEL LV FXUUHQWO\ D 3K' VWXGHQW DW /$$6&156 /DERUDWRU\
7RXORXVH )UDQFH 6KH KDV EHHQ DZDUGHG D 0DVWHU 'LSORPD LQ 6RIWZDUH
(QJLQHHULQJ DQG 0XOWLPHGLD 6\VWHPV VSHFLDOLVHG LQ SURWRFROV DQG QHWZRUNV
V\VWHPV DQG UHFHLYHG DQ (QJLQHHULQJ 'LSORPD LQ &RPSXWHU 6FLHQFH
IURP WKH 1DWLRQDO 6FKRRO RI &RPSXWHU 6FLHQFH RI 7XQLVLD 16&6 +HU
UHVHDUFK LQWHUHVWV LQFOXGH WKH DUFKLWHFWXUDO UHFRQILJXUDWLRQ RI GLVWULEXWHG
FRPPXQLFDWLQJ V\VWHPV XVLQJ IRUPDO PRGHOV VXFK DV JUDSK JUDPPDUV
DQG RQWRORJ\ LQYROYLQJ FRQFHSWV VXFK DV GHSOR\PHQW VHOIDGDSWDELOLW\ DQG
FRPPXQLFDWLRQ PRGHOV
7KLHUU\ 0RQWHLO LV DQ $VVRFLDWH 3URIHVVRU LQ &RPSXWHU 6FLHQFH DW ,16$
RI 7RXORXVH DQG 5HVHDUFKHU DW /$$6&156 +H KDV D 'RFWRUDWH LQ
SDUDOOHO FRPSXWLQJ DQG &HUWLILHG (QJLQHHU GHJUHH LQ &RPSXWHU 6FLHQFH DQG
$SSOLHG 0DWKHPDWLFV +H ZRUNV RQ SDUDOOHO FRPSXWLQJ /$1'$ SDUDOOHO
HQYLURQPHQW JULG UHVRXUFHV PDQDJHPHQW $520$ SURMHFW LQWHUQHW RI
WKLQJV 200 SURMHFW FRPSXWHU DQG QHWZRUN PRGHOOLQJ DXWRQRPRXV
SROLFLHV WR LPSURYH SHUIRUPDQFH RQ GLVWULEXWHG DSSOLFDWLRQV DQG SDUDOOHOLVDWLRQ
RI ODUJH HOHFWURPDJQHWLF VLPXODWLRQ
3DWULFLD 6WROI LV DQ $VVRFLDWH 3URIHVVRU DW WKH 7RXORXVH 8QLYHUVLW\ )UDQFH
6KH REWDLQHG D 3K' LQ  DW /$$6&156 7RXORXVH)UDQFH RQ 7DVNV
VFKHGXOLQJ RQ FOXVWHUV IRU UHPRWH VHUYLFHV ZLWK TXDOLW\ RI VHUYLFH 6KH
LV FXUUHQWO\ ZRUNLQJ LQ WKH ,5,7 /DERUDWRU\ RQ WKH ILHOG RI GLVWULEXWHG
DOJRULWKPV DQG DXWRQRPLF FRPSXWLQJ LQ ODUJH VFDOH GLVWULEXWHG V\VWHPV 6KH
VWXGLHV UHVRXUFHV PDQDJHPHQW LQ HQHUJ\ DQG WKHUPDODZDUH WDVN VFKHGXOLQJ
DQG DXWRQRPLF V\VWHPV 6KH LV LQYROYHG LQ GLIIHUHQW UHVHDUFK SURMHFWV
WKH $&7,21 &267 ,& µ(QHUJ\ HIILFLHQF\ LQ ODUJH VFDOH GLVWULEXWHG
V\VWHPV¶ WKH (XURSHDQ &RRO(P$OO SURMHFW DQG WKH QDWLRQDO $15 623
SURMHFW
1DZDO *XHUPRXFKH UHFHLYHG KHU 06 DQG 3K' LQ &RPSXWHU 6FLHQFH
UHVSHFWLYHO\ LQ  DQG  IURP /25,$,15,$ 8+3 8QLYHUVLW\ 1DQF\
 )UDQFH 6KH LV DQ $VVLVWDQW 3URIHVVRU DW ,16$ RI 7RXORXVH DQG D PHPEHU
RI WKH 6$5$ WHDP DW WKH /$$6&156 UHVHDUFK ODERUDWRU\ +HU UHVHDUFK
LQWHUHVWV IRFXV RQ FRPSRVLWLRQ DQDO\VLV UHFRQILJXUDWLRQ DQG YDOLGDWLRQ RI
VHUYLFH DQG FRPSRQHQW EDVHG V\VWHPV 6KH KDV EHHQ LQYROYHG LQ VHYHUDO
WUDQVIHU SURMHFWV ZLWK LQGXVWULHV LQ )UDQFH DQG (XURSH IRU D ZLGH UDQJH RI
DSSOLFDWLRQV LQFOXGLQJ 00
7KLV SDSHU LV D UHYLVHG DQG H[SDQGHG YHUVLRQ RI D SDSHU HQWLWOHG µ*UDSKEDVHG
IRUPDOLVP IRU PDFKLQHWRPDFKLQH VHOIPDQDJHG FRPPXQLFDWLRQV¶ SUHVHQWHG
DW WKH QG ,((( ,QWHUQDWLRQDO &RQIHUHQFH RQ &ROODERUDWLRQ 7HFKQRORJLHV DQG
,QIUDVWUXFWXUH :(7,&( +DPPDPHW 7XQLVLD ± -XQH 
 ,QWURGXFWLRQ
'XULQJ WKH ODVW \HDUV WKH H[SRQHQWLDO H[SDQVLRQ RI ZLUHOHVV FRPPXQLFDWLRQV GHYLFHV
DQG WKH XELTXLW\ RI ZLUHOHVV FRPPXQLFDWLRQV QHWZRUNV KDYH FRQYH\ WR WKH HPDQDWLRQ RI
ZLUHOHVV PDFKLQHWRPDFKLQH 00 FRPPXQLFDWLRQV DV WKH PRVW SURPLVLQJ VROXWLRQV
WR UHYROXWLRQLVH WKH IXWXUH µLQWHOOLJHQW¶ SHUYDVLYH FRPPXQLFDWLRQV 3DQGH\ HW DO 
,QWULQVLFDOO\ 00 V\VWHPV DUH HYROXWLRQ SURQH DV DSSOLFDWLRQV DUH VWRSSHG DQG
VWDUWHG PDFKLQHV GLVFRYHUHG DQG VKXW GRZQ HWF $V PRVW RI LWV SHHUV WKH (76,
VWDQGDUG IRFXVHV RQ SURWRFROV DQG FRPPXQLFDWLRQV ,W GRHV QRW DGGUHVV WKH LVVXH RI
G\QDPLF UHFRQILJXUDWLRQ RU SURYLGH D VXLWDEOH PRGHO IRU WKH UHDVRQLQJ UHTXLUHG WR EXLOG
VHOIPDQDJHG 00 DUFKLWHFWXUHV 7KHVH FRQVLGHUDWLRQV EHORQJ WR WKH ILHOG RI G\QDPLF
VRIWZDUH DUFKLWHFWXUHV WKDW HQDEOHV DGDSWDWLRQ LQ DXWRQRPLF GLVWULEXWHG V\VWHPV FRSLQJ
ZLWK QHZ UHTXLUHPHQWV QHZ HQYLURQPHQWV DQG IDLOXUHV 7R FRQFLOLDWH IXQFWLRQDOLWLHV
DQG PDQDJHDELOLW\ ZH HODERUDWH LQ WKLV SDSHU D FRPSRQHQWEDVHG ELOD\HUHG IUDPHZRUN
IRU PRGHOOLQJ 00 V\VWHPV $ JUDSKEDVHG UHSUHVHQWDWLRQ EXLOW RQ WRS RI WKH (76,
00 VWDQGDUG FRQVWLWXWH UHVSHFWLYHO\ WKH IRUPDO DQG IXQFWLRQDO OD\HUV RI WKH IUDPHZRUN
,Q RUGHU WR HQVXUH LQWHUOD\HUV FRKHUHQF\ WKH PRGHO DOVR FRPSULVHV ELGLUHFWLRQDO
FRPPXQLFDWLRQV EHWZHHQ WKHVH WZR OD\HUV ,Q WKLV ZD\ WKH PRGHO EHQHILWV IURP
WKH EHVW RI ERWK ZRUOGV 7KH JUDSKEDVHG FKDUDFWHULVDWLRQ DOORZV WKH GHILQLWLRQ RI
FRQVLVWHQF\ SUHVHUYLQJ UHFRQILJXUDWLRQ PHFKDQLVPV 2Q WKH RWKHU KDQG LW VWLOO SRVVHVV
WKH IXQFWLRQDOLWLHV JUDQWHG E\ WKH VWDQGDUG VXFK DV GLVFRYHU\ SURWRFROV DQG PDFKLQH
LQWHURSHUDELOLW\ :H H[SORLW WKLV PRGHO E\ GHILQLQJ KLJK OHYHO SROLFLHV RI UHFRQILJXUDWLRQ
UHO\LQJ RQ JUDSK UHZULWLQJ WR HQIRUFH VHOIPDQDJHPHQW SURSHUWLHV
7KH UHPDLQGHU RI WKH SDSHU LV RUJDQLVHG DV IROORZV 6HFWLRQ  LQYHVWLJDWHV
H[LVWLQJ DSSURDFKHV IRU UHSUHVHQWLQJ 00 V\VWHPV LQ SDUWLFXODU DQG DSSURDFKHV
DSSURSULDWH IRU WKH PDQDJHPHQW RI G\QDPLF V\VWHP LQ JHQHUDO 6LQFH QR VLQJOH
UHSUHVHQWDWLRQ KDQGOH HYHU\ PRGHOOLQJ UHTXLUHPHQWV RI 00 V\VWHPV 6HFWLRQ 
SURSRVHV D PXOWLPRGHOV ELOD\HUHG DSSURDFK WR PHHW VDLG QHHGV 7KH ILWQHVV RI WKH
UHVXOWLQJ IUDPHZRUN LV GHPRQVWUDWHG LQ 6HFWLRQ  ZKHUH WKH HQIRUFHPHQW RI KLJKOHYHO
DGDSWDWLRQ SROLFLHV LV GLVFXVVHG $SSOLFDWLRQ RI WKH IUDPHZRUN WR PRGHO DQG UHFRQILJXUH
DQ XVHFDVH LV GHYHORSHG LQ 6HFWLRQ  )LQDOO\ 6HFWLRQ  LV GHGLFDWHG WR FRQFOXVLRQ DQG
RXWORRNV
 5HODWHG ZRUN
 0DFKLQHWR PDFKLQH V\VWHPV DQG FRPPXQLFDWLRQV
7KH 00 SDUDGLJP LV D EURDG ODEHO ,W FDQ EH XVHG WR GHVFULEH DQ\ WHFKQRORJ\
WKDW HQDEOHV DXWRPDWHG ZLUHG RU HOHFWURQLF GHYLFHV 7KH DLP RI 00 V\VWHPV LV
WR DOORZ GHYLFHV WR EH LQWHUFRQQHFWHG QHWZRUNHG DQG FRQWUROOHG UHPRWHO\ ZLWK ORZ
FRVW VFDODEOH DQG UHOLDEOH WHFKQRORJLHV 00 V\VWHPV DQG FRPPXQLFDWLRQV KDYH EHHQ
VXFFHVVIXOO\ H[SORLWHG WR HQKDQFH HIILFLHQF\ DQG WR UHGXFH RU HYHQ VXSSUHVV KXPDQ
LQWHUYHQWLRQ LQ D YDVW UDQJH RI FRQWH[WV 7KH\ LQWHUYHQH IRU H[DPSOH LQ WKH VSHFLILFDWLRQ
DQG WKH LPSOHPHQWDWLRQ RI DXWRPRWLYH VPDUW PHWHULQJ H+HDOWK DQG VPDUW JULG
DSSOLFDWLRQV
2Q RQH KDQG 00 V\VWHPV SRVVHVV FRPPRQ FKDUDFWHULVWLFV DQG UHTXLUHPHQWV
3DQGH\ HW DO  VXFK DV QHWZRUN KHWHURJHQHRXVQHVV DQG G\QDPLVP PRELOLW\ DQG
WLPH VHQVLELOLW\ RI GDWD DQG GHYLFH LQWHOOLJHQFH 2Q WKH RWKHU KDQG 00 WHFKQLFDO
VROXWLRQV DUH PXOWLSOH KLJKO\ IUDJPHQWHG DQG XVXDOO\ GHGLFDWHG WR VLQJOH DSSOLFDWLRQV
&RQVHTXHQWO\ WKH 00 PDUNHW GHYHORSPHQW LV FULWLFDOO\ VORZHG GRZQ ZKLOH WKH FRVWV
RI GHYHORSPHQW PDLQWHQDQFH DQG UHVHDUFK LQ 00 V\VWHPV DUH LQFUHDVLQJ 7R PHHW
WKHVH FKDOOHQJHV VWDQGDUGLVDWLRQ LV D NH\ HQDEOHU WR UHPRYH WKH WHFKQLFDO EDUULHUV DQG
HQVXUHV LQWHURSHUDEOH 00 VHUYLFHV DQG QHWZRUNV
$ VLJQLILFDQW QXPEHU RI VWDQGDUGLVDWLRQ ERGLHV 7,$ KWWSWLDRQOLQHRUJVWDQGDUGV
(61$ KWWSZZZHVQDRUJ ,362 KWWSZZZLSVRDOOLDQFHRUJ DUH FXUUHQWO\ ZRUNLQJ
RQ GHILQLQJ DUFKLWHFWXUH DQG VHUYLFHV VWDQGDUGV WR VXSSRUW 00 FRPPXQLFDWLRQ
UHTXLUHPHQWV 6RPH DOOLDQFHV IRFXV RQ VSHFLILF 00 DUHDV DQG GR QRW LQWHQG WR FRYHU
HYHU\ 00 FKDUDFWHULVWLFV $PRQJ WKHP WZR DSSURDFKHV FDQ EH GLVWLQJXLVKHG IURP
VFUDWFK HJ WKH 20$ IRU GHYLFH PDQDJHDELOLW\ DQG LPSURYHPHQW RI H[LVWLQJ VWDQGDUGV
WR ILW 00 UHTXLUHPHQWV >HJ SURPRWLQJ LQWHUQHW SURWRFRO ,3 IRU VPDUW REMHFWV@
)XUWKHUPRUH PRVW ZRUNV DUH VWLOO LQ SUHOLPLQDU\ VWDJH DQG SURYLGHV RQO\ GUDIWV HJ WKH
7,$ ZRUNLQJ JURXS ,(7)
7KH (XURSHDQ 7HOHFRPPXQLFDWLRQV 6WDQGDUGV ,QVWLWXWH (76,
KWWSZZZHWVLRUJ:HEVLWH7HFKQRORJLHV00DVS[ 00 JURXS LV WKH RQO\ RQH WKDW
KDV GHYHORSHG DQ HQGWRHQG YLHZ IRU 00 FRPPXQLFDWLRQV ,WV VWDQGDUGV IDFLOLWDWH WKH
GHSOR\PHQW RI YHUWLFDO DSSOLFDWLRQV DQG WKH LQQRYDWLRQ DFURVV LQGXVWULHV E\ H[SRVLQJ
GDWD DQG SURYLGLQJ VHUYLFHV 7KLV DUFKLWHFWXUH LV GHILQHG LQ VHYHUDO WHFKQLFDO UHSRUWV
IL[LQJ (76, 75 KWWSZZZHWVLRUJWHFKQRORJLHVFOXVWHUVWHFKQRORJLHVPP (76, )$
75 
 IXQFWLRQDO DQG EHKDYLRXUDO UHTXLUHPHQWV RI HDFK QHWZRUN HOHPHQW WR SURYLGH DQ
HQGWRHQG YLHZ
 WKH IXQFWLRQDO DUFKLWHFWXUH ZLWK WKH GLIIHUHQW 00 VHUYLFHV FDSDELOLWLHV
 WKH SURWRFROV RI YDULRXV LQWHUIDFHV
+RZHYHU WKH (76, 00 VWDQGDUG GRHV QRW DGGUHVV WKH LVVXH RI V\VWHP DGDSWDWLRQV
HYHQ WKRXJK 00 V\VWHPV XVXDOO\ RSHUDWH LQ KLJKO\ HYROYLQJ FRQWH[WV %HVLGHV WKH
YHU\ PRGHO FRQVWLWXWHG E\ WKHVH VSHFLILFDWLRQV DSSHDUV XQILW IRU WKH VSHFLILFDWLRQ RI
VHOIPDQDJHPHQW RSHUDWLRQV 0XOWLPRGHOV DSSURDFKHV 5RK HW DO  6KDUURFN HW DO
 /RXORX HW DO  FDQ VXFFHVVIXOO\ EH DSSOLHG ZKHQ QR VLQJOH UHSUHVHQWDWLRQ
PHHW DOO WKH UHTXLUHPHQWV IRU PRGHOOLQJ D V\VWHP 7R HQDEOH WKH PDQDJHPHQW RI 00
V\VWHPV FRQFHSWV RI WKH (76, 00 VWDQGDUG FDQ EH PDSSHG XQWR DQ DSSURSULDWH PRGHO
WKH UHVXOW EHQHILWLQJ IURP ERWK UHSUHVHQWDWLRQV
 0RGHOV IRU G\QDPLF V\VWHPV PDQDJHPHQW
&RQFHUQV PRGHOV DQG DSSURDFKHV GLVFXVVHG KHUH DUH QRW QHFHVVDULO\ UHODWHG WR 00
V\VWHPV 5DWKHU WKHLU PHULWV UHJDUGLQJ PDQDJHPHQW DUH LQYHVWLJDWHG WR LGHQWLI\ WKH RQH
WKDW VKRXOG EH LQWHJUDWHG LQ WKH PXOWLPRGHOV DSSURDFK UHTXLUHG WR FRYHU ERWK IXQFWLRQDO
DQG PDQDJHPHQWUHODWHG DVSHFWV RI 00 V\VWHPV
'\QDPLF VRIWZDUH DUFKLWHFWXUHV DUH VWXGLHG IRU KDQGOLQJ DGDSWDWLRQ LQ DXWRQRPLF
GLVWULEXWHG V\VWHPV FRSLQJ ZLWK QHZ UHTXLUHPHQWV QHZ HQYLURQPHQWV DQG IDLOXUHV
3DUWLFXODUO\ WKH GHVFULSWLRQ RI HYROYLQJ DUFKLWHFWXUHV FDQQRW EH OLPLWHG WR WKH
VSHFLILFDWLRQ RI D XQLTXH VWDWLF WRSRORJ\ ,W PXVW FKDUDFWHULVH WKH VFRSH RI DOO DFFHSWDEOH
FRQILJXUDWLRQV 7KLV VFRSH FKDUDFWHULVHV DQ DUFKLWHFWXUDO VW\OH TXDOLI\LQJ ZKDW LV FRUUHFW
DQG ZKDW LV QRW 1DWXUDOO\ RQFH WKLV GLVWLQFWLRQ PDGH WKH TXHVWLRQ RI VSHFLILFDWLRQ RI
WKH PRGLILFDWLRQV WKHPVHOYHV DULVHV
0RGHOEDVHG DSSURDFKHV IXUQLVK YHU\ LQWXLWLYH DQG YLVXDO IRUPDO RU VHPLIRUPDO
GHVFULSWLRQ RI VWUXFWXUDO SURSHUWLHV %UDGEXU\ HW DO  DQG V\VWHP HYROXWLRQ
'HVLJQLQJ DQG GHVFULELQJ VRIWZDUH PRGHOV XVLQJ 80/ IRU H[DPSOH 20* 80/ 
LV D FRPPRQ SUDFWLFH LQ WKH VRIWZDUH LQGXVWU\ ,W SURYLGHV D VWDQGDUGLVHG GHILQLWLRQ
RI V\VWHP VWUXFWXUH DQG WHUPLQRORJ\ IDFLOLWDWLQJ WKH XQGHUVWDQGLQJ RI WKH DUFKLWHFWXUH
6HORQHQ DQG ;X  1HYHUWKHOHVV WKH JHQHULF ILWQHVV RI PRGHOEDVHG DSSURDFKHV
PD\ LPSO\ SRRU PHDQV RI GHVFULELQJ VSHFLILF LVVXHV OLNH EHKDYLRXUDO SURSHUWLHV
7KHUHIRUH WKH\ DUH RIWHQ FRXSOHG ZLWK GHVFULSWLRQ XVLQJ DUFKLWHFWXUH GHVFULSWLRQ
ODQJXDJHV 5RK HW DO  6KDUURFN HW DO  PDSSLQJ WKH FRQFHSWV RI DUFKLWHFWXUH
GHVFULSWLRQ ODQJXDJHV LQWR WKH YLVXDO QRWDWLRQ RI 80/ RU RWKHU IRUPDOLVP /RXORX
HW DO  ,Q VSLWH RI LWV ZLGH DFFHSWDQFH 80/EDVHG GHVFULSWLRQV DSSHDU WR ODFN
H[SUHVVLYHQHVV DQG IRUPDO WRROV IRU JXDUDQWHHLQJ FRQVLVWHQF\ GXH WR WKH LQKHUHQW
VHPLIRUPDOQHVV RI 80/ )RUPDO XQDPELJXRXV PHWKRGV DUH QHFHVVDU\ WR VWXG\ WKH
FRQVLVWHQF\ RI D V\VWHP DW D JLYHQ WLPH LH LWV FRPSOLDQFH WR DQ DUFKLWHFWXUDO VW\OH
7R HIILFLHQWO\ WDFNOH FRUUHFWQHVV LQ WKH VFRSH RI G\QDPLF UHFRQILJXUDWLRQ FRUUHFWQHVV
E\ FRQVWUXFWLRQ WKURXJK IRUPDO DSSURDFKHV KDYH HPHUJHG %RQDNGDSRXU HW DO 
%DVHG RQ IRUPDO SURRIV DQG UHDVRQLQJ LQ GHVLJQWLPH WKH\ JXDUDQWHH WKH FRUUHFWQHVV RI
D V\VWHP UHTXLULQJ OLWWOH RU QR YHULILFDWLRQV LQ UXQWLPH $ ZD\ WR DFKLHYH VXFK SURRIV LV
WR LQYHVWLJDWH WKH SURSHUWLHV RI WUDQVIRUPDWLRQV ZLWK UHJDUG WR FRQVLVWHQF\ SUHVHUYDWLRQ
VR DV WR HQVXUH WKDW LI D WUDQVIRUPDWLRQ LV DSSOLFDEOH RQ D FRUUHFW FRQILJXUDWLRQ LWV UHVXOW
LV DQRWKHU FRUUHFW FRQILJXUDWLRQ
*UDSKEDVHG PHWKRGV IRU VRIWZDUH PRGHOOLQJ DUH DSSURSULDWH IRU FRQFHLYLQJ FRUUHFW
E\ FRQVWUXFWLRQ IUDPHZRUNV 7KHRUHWLFDO ZRUN LQ WKLV ILHOG SURYLGHV IRUPDO PHDQV WR
VSHFLI\ DQG FKHFN VWUXFWXUDO FRQVWUDLQWV DQG SURSHUWLHV 5R]HQEHUJ  %UXQL HW DO
 :LWKLQ WKLV NLQG RI DSSURDFKHV VRPH PHWKRGV DUH UHVWULFWHG WR WKH XVDJH RI
W\SH JUDSKV DORQH :HUPHOLQJHU DQG )LDGHLUR  DQG VXIIHU IURP WKH VDPH ODFN RI
H[SUHVVLYHQHVV DV 80/EDVHG PHWKRGV 2WKHU ZRUNV +LUVFK HW DO  /H 0HWD\HU
 DUH EDVHG RQ JUDSK JUDPPDU RU JUDSK UHZULWLQJ V\VWHP RIIHULQJ D JHQHUDWLYH
GHILQLWLRQ RI WKH VFRSH RI FRUUHFWQHVV ,Q WKLV FRQWH[W JUDSK UHZULWLQJ UHZULWLQJ UXOHV
LQWHUYHQH LQ WKH YHU\ GHILQLWLRQ RI WKH VW\OH 7KLV WLJKW OLQN ZLWK WKH VFRSH RI FRUUHFWQHVV
PDNHV WKHVH UXOHV ILW IRU WKH VSHFLILFDWLRQ RI FRQVLVWHQF\ SUHVHUYLQJ UHFRQILJXUDWLRQV
7KHVH DGYDQWDJHV PRWLYDWH WKH DGRSWLRQ RI JUDSKJUDPPDUEDVHG GHVFULSWLRQV DV D
PDQDJHPHQWFHQWULF PRGHO OLIWLQJ WKH LGHQWLILHG UHVWULFWLRQ LQKHUHQW WR WKH FRQVLGHUDWLRQ
RI D IXQFWLRQDO UHSUHVHQWDWLRQ DORQH
 $ PXOWLPRGHOV ELOD\HUHG DSSURDFK
7KLV VHFWLRQ GHVFULEHV WKH SURSRVHG DSSURDFK LWV OD\HUV DQG LQWHUOD\HUV
FRPPXQLFDWLRQV
,Q WKH (76, YLVLRQ 00 FRQVWLWXHQWV DUH VHHQ DV UHVRXUFHV 7KH\ DUH GHILQHG LQ
D WUHH VWUXFWXUH DQG KDQGOHG ZLWK WKH 5(67IXO VW\OH RI GDWD H[FKDQJH 7KLV UHVRXUFH
WUHH FRQVLVWV RQ D ORJLFDO JURXSLQJ RI UHVRXUFHV WKDW DOORZV VLPSOH DGGUHVVLQJ RI
UHVRXUFHV IOH[LELOLW\ LQ H[FKDQJLQJ DSSOLFDWLRQ GDWD DQG VLPSOH $3,V 7KH IRUPDO OD\HU LV
FRPSRVHG E\ D JHQHULF JUDSK JUDPPDU WR HQDEOH WKH GHILQLWLRQ RI FRQVLVWHQF\ SUHVHUYLQJ
UHFRQILJXUDWLRQV
7KHVH WZR PRGHOV FKDUDFWHULVH DQ\ 00 DUFKLWHFWXUH 7KH PDQDJHPHQW RI DFWXDO
00 DUFKLWHFWXUHV VKDOO GHSHQG RQ WKHLU LQVWDQWLDWLRQV )XUWKHUPRUH RQO\ D VXEVHW
RI IXQFWLRQDO SURSHUWLHV LV UHTXLUHG WR HQIRUFH WKH DLPHG PDQDJHPHQW PHFKDQLVPV
&RQVHTXHQWO\ LW LV QRW UHOHYDQW WR GXSOLFDWH HYHU\ VLQJOH SLHFH RI LQIRUPDWLRQ FRQWDLQHG
LQ WKH IXQFWLRQDO OD\HU RQWR WKH IRUPDO RQH 6LPLODUO\ LQIRUPDWLRQ UHTXLUHG WR
FRQGXFW DGDSWDWLRQ PD\ QRW EH QHHGHG WR JXDUDQWHH WKH IXQFWLRQLQJ RI WKH V\VWHP
HJ WUDQVPLVVLRQ GHOD\
&RQVLGHULQJ WZR OD\HUV LPSRVH JXDUDQWHHLQJ WKHLUV FRKHUHQFH 6LQFH WKH V\VWHP
LV G\QDPLF OD\HUV ZLOO KDYH WR HYROYH WR ILW LWV FXUUHQW VWDWH %HVLGHV HYROXWLRQV
FDQ RULJLQDWH IURP ERWK OD\HUV VLQFH GLVFRYHU\ DQG UHFRQILJXUDWLRQV DUH FRQGXFWHG
UHVSHFWLYHO\ LQ WKH IXQFWLRQDO DQG IRUPDO RQH 7R HQVXUH WKH FRKHUHQFH RI WKH WZR
OD\HUV FKDQJHV PXVW WKXV EH ELGLUHFWLRQDOO\ LPSDFWHG %LGLUHFWLRQDO XSGDWHV DQG
FRPPXQLFDWLRQV GHVFULEHG LQ WKLV VHFWLRQ HQVXUH WKLV FUXFLDO SURSHUW\
 )XQFWLRQDO OD\HU EDVHG RQ WKH (76, 00 VWDQGDUG
7KH (76, KDV GLYLGHG 00 V\VWHPV DV VKRZQ LQ )LJXUH  LQWR WKUHH GRPDLQV
• 7KH DSSOLFDWLRQ GRPDLQ UXQV WKH VHUYLFH ORJLF DQG XVHV 00 VHUYLFHV FDSDELOLWLHV
DFFHVVLEOH YLD DQ RSHQ LQWHUIDFH 7KH DSSOLFDWLRQ GDWD LV UHIHUUHG DV UHVRXUFHV
5HVRXUFHV DUH GHILQHG LQ D WUHH VWUXFWXUH DQG KDQGOHG ZLWK WKH 5(67IXO VW\OH RI
GDWD H[FKDQJH
• 7KH 00 GHYLFH GRPDLQ LQFOXGHV GDWD HQG SRLQWV VXFK DV VHQVRUV VPDUW PHWHUV
PLFURSURFHVVRUV DQG JDWHZD\
• 7KH QHWZRUN GRPDLQ LV D QHWZRUN WHFKQRORJ\ SURYLGLQJ FRQQHFWLYLW\ EHWZHHQ
00 GHYLFHV IURP WKH 00 GHYLFH GRPDLQ
$V VWDWHG SUHYLRXVO\ 00 FRQVWLWXHQWV DUH UHSUHVHQWHG E\ D UHVRXUFH WUHH VWUXFWXUH 7KLV
VWUXFWXUH H[SRVHV IXQFWLRQV WKURXJK D VHW RI RSHQ LQWHUIDFHV JURXSHG XQGHU WKH KHDGLQJ
µ00 VHUYLFH FDSDELOLWLHV OD\HU 6&//¶ 7KLV ODVW FRPSRUWV
• 16&/ QHWZRUN VHUYLFH FDSDELOLWLHV OD\HU UHIHUV WR 00 VHUYLFH FDSDELOLWLHV LQ WKH
QHWZRUN GRPDLQ
• *6&/ JDWHZD\ VHUYLFH FDSDELOLWLHV OD\HU UHIHUV WR 00 VHUYLFH FDSDELOLWLHV LQ WKH
00 JDWHZD\
• '6&/ GHYLFH VHUYLFH FDSDELOLWLHV OD\HU UHIHUV WR 00 VHUYLFH FDSDELOLWLHV LQ WKH
00 GHYLFH
)LJXUH  (76,6LPSOH00$UFKLWHFWXUH VHH RQOLQH YHUVLRQ IRU FRORXUV
• 6&/ VHUYLFH FDSDELOLWLHV OD\HU UHIHUV WR DQ\ RI WKH IROORZLQJ 16&/ *6&/
'6&/
,Q 00 V\VWHPV GDWD FRPH IURP D ODUJH QXPEHU RI GHYLFHV DQG DUH H[FKDQJHG EHWZHHQ
YDULRXV HQWLWLHV LH DSSOLFDWLRQV WKURXJK GDWD FRQWDLQHUV 7KHVH ODVWV DUH XVHG DV
PHGLDWRUV WDNLQJ FDUH RI EXIIHULQJ WKH GDWD 7KH\ PDNH WKH H[FKDQJH DEVWUDFWHG IURP
WKH QHHG WR VHW GLUHFW FRQQHFWLRQV DQG DOORZ IRU VFHQDULRV ZKHUH ERWK SDUWLHV LQ WKH
H[FKDQJH DUH QRW RQOLQH DW WKH VDPH WLPH 7R HQDEOH LQWHUDFWLRQV EHWZHHQ WKH GLVWULEXWHG
DSSOLFDWLRQV DQG GHYLFHV WKH UHJLVWUDWLRQ DQG WKH DQQRXQFHPHQW RI UHVRXUFHV PXVW EH
IXOILOOHG
5HJLVWUDWLRQ FRPSULVHV WZR VXEFDVHV 6&/V UHJLVWUDWLRQ DQG $SSOLFDWLRQV
UHJLVWUDWLRQ
• 6&/V UHJLVWUDWLRQ GHILQHV WKH SURFHGXUHV WKDW DOORZ D *6&/ RU D '6&/ WR
UHJLVWHU WR WKH 16&/ RQFH GLVFRYHU\ KDV EHHQ SHUIRUPHG 6&/ UHJLVWUDWLRQ LV D
QHFHVVDU\ SURFHGXUH DOORZLQJ WKH 6&/ WR VWDUW UHVRXUFH PDQDJHPHQW SURFHGXUHV
)RU VFDODELOLW\ VDNH SHHUWRSHHU 6&/V UHJLVWUDWLRQV JDWHZD\JDWHZD\
GHYLFHGHYLFH GHYLFHJDWHZD\ DUH DOVR FRQVLGHUHG LQ WKLV SDSHU
• $SSOLFDWLRQV UHJLVWUDWLRQ GHILQHV WKH VHW RI SURFHGXUHV WKDW DOORZV DQ DSSOLFDWLRQ
WR UHJLVWHU WR LWV ORFDO 6&/ ,W LV D QHFHVVDU\ VWHS IRU DQ DSSOLFDWLRQ WR EH NQRZQ
DQG WR VWDUW H[FKDQJLQJ GDWD XVLQJ WKH 5HVWIXO SURFHGXUHV
$QQRXQFHPHQW 'HILQHV WKH VHW RI SURFHGXUHV IRU D UHVRXUFH WR DGYHUWLVH IRU D UHPRWH
6&/ ,Q RUGHU WR HQDEOH WKH DQQRXQFHPHQW RI D FRQWDLQHU RU DQ DSSOLFDWLRQ RQ D UHPRWH
PDFKLQH LW LV QHFHVVDU\ WKDW WKH KRVW DQG WDUJHW PDFKLQHV DUH PXWXDOO\ UHJLVWHUHG
 )RUPDO OD\HU EDVHG RQ JUDSK UHZULWLQJ DQG JUDSK JUDPPDUV
%HIRUH FKDUDFWHULVLQJ 00 V\VWHPV XVLQJ D JUDSK JUDPPDU JHQHUDO FRQFHSWV UHODWHG WR
JUDSK UHZULWLQJ DUH LQWURGXFHG
 *UDSK UHZULWLQJ UXOH DQG JUDSK JUDPPDUV
$ FRQILJXUDWLRQ RI D V\VWHP FDSWXUHV LWV VWDWH DW D JLYHQ WLPH ,W FDQ EH PRGHOOHG XVLQJ
DWWULEXWHG JUDSKV ZKRVH YHUWH[HV VSHFLI\ HQWLWLHV HJ GHYLFHV DSSOLFDWLRQV FRQWDLQHUV
DQG HGJHV UHSUHVHQW WKHLUV UHODWLRQVKLSV HJ UHJLVWUDWLRQ GHSOR\PHQW XWLOLVDWLRQ
'HILQLWLRQ  $WWULEXWHG JUDSK
$Q DWWULEXWHG JUDSK * LV GHILQHG E\ WKH WXSOH 9 ( $77 ZKHUH
• 9 DQG ( ⊆ 92 FRUUHVSRQG UHVSHFWLYHO\ WR WKH VHW RI YHUWH[HV DQG HGJHV RI *
• $77 LV D IDPLO\ RI VHW LQGH[HG E\ 9 ∪ ( $ VHW RI WKLV IDPLO\ LV D VHTXHQFH RI
FRXSOH $ 'A ZKHUH $ DQG 'A DUH UHVSHFWLYHO\ WKH DWWULEXWH YDOXH DQG GRPDLQ
RI GHILQLWLRQ $FFRUGLQJO\ $ LV HLWKHU D FRQVWDQW LQ 'A QRWHG EHWZHHQ TXRWDWLRQV
PDUNV RU D YDULDEOH WKDW PD\ WDNH DQ\ YDOXH LQ 'A
$Q DUFKLWHFWXUDO VW\OH FDQ EH IRUPDOLVHG XVLQJ D JUDSK UHZULWLQJ V\VWHP RU JUDSK
JUDPPDU 6XFK V\VWHPV DUH EDVHG RQ JUDSK UHZULWLQJ UXOHV WKDW UHTXLUH WR LGHQWLI\
FRPPRQ VXEVWUXFWXUHV E\ WKH PHDQ RI PRUSKLVPV 3DUWLFXODUO\ KHUH LQGXFHG VXEJUDSK
LVRPRUSKLVPV EHWZHHQ JUDSKV DUH FRQVLGHUHG ,W VKRXOG EH VWUHVVHG RXW WKDW WKLV UHODWLRQ
LV QRW V\PPHWULF DQG WKDW WKH µLQGXFHG VXEJUDSK¶ SDUW RI WKH GHQRPLQDWLRQ UHIHUV
RQO\ WR WKH VHFRQG JUDSK ,Q RWKHU ZRUGV WKH H[LVWHQFH RI DQ LQGXFHG VXEJUDSK
LVRPRUSKLVP EHWZHHQ WZR JUDSKV * DQG *¶ PHDQV WKDW WKHUH LV DQ LQGXFHG VXEJUDSK
RI *¶ LVRPRUSK WR * $Q XQDWWULEXWHG LQGXFHG VXEJUDSK LVRPRUSKLVP i EHWZHHQ WZR
JUDSKV *  9 ( $77 DQG G  V  E ATT  LV GHILQHG DV D PDSSLQJ RI 9 LQWR D
VXEVHW RI V VR WKDW LI WKHUH LV DQ HGJH EHWZHHQ WZR YHUWH[HV RI * WKHUH LV DQ HGJH
EHWZHHQ WKHLU LPDJHV LQ G DQG UHFLSURFDOO\ 5R]HQEHUJ 
'HILQLWLRQ  8QDWWULEXWHG LQGXFHG VXEJUDSK LVRPRUSKLVP
$Q XQDWWULEXWHG LQGXFHG VXEJUDSK LVRPRUSKLVP L EHWZHHQ WZR JUDSKV *  9 ( $77
DQG G  V  E ATT  LV GHILQHG DV DQ LQMHFWLYH IXQFWLRQ I 9 → V VR WKDW ∀ v v˜
∈ E2 v v˜ ∈ E ⇔ Iv Iv˜ ∈ E¯
%\ DEXVH RI QRWDWLRQ IRU DQ\ YHUWH[ RI * L* UHIHUV WR I* 7R WDFNOH DWWULEXWHV ZH
LPSRVH ILUVWO\ WKDW WZR YHUWH[HV RU WZR HGJHV DVVRFLDWHG WKURXJK DQ LVRPRUSKLVP KDYH
WKH VDPH QXPEHU RI DWWULEXWHV $WWULEXWHV RI WZR DVVRFLDWHG HOHPHQWV DUH WKHPVHOYHV
FRUUHODWHG ZLWK UHJDUG WR WKH RUGHU RI WKHLU RFFXUUHQFHV ,GHQWLILHG DWWULEXWHV VKRXOG
KDYH WKH VDPH GRPDLQ RI GHILQLWLRQ 6HFRQGO\ LGHQWLILFDWLRQV RI DWWULEXWHV VKRXOG
EH FRQVLVWHQW HJ D YDULDEOH VKRXOG QRW EH LGHQWLILHG ZLWK WZR GLIIHUHQW FRQVWDQWV
7KHUHIRUH D V\VWHP RI HTXDWLRQV LV EXLOW DQG WKH H[LVWHQFH RI DQ DWWULEXWHG LQGXFHG
VXEJUDSK LVRPRUSKLVP LV FRQGLWLRQHG E\ LWV UHVROYDELOLW\
'HILQLWLRQ  $WWULEXWHG LQGXFHG VXEJUDSK LVRPRUSKLVP
7KHUH LV DQ LQGXFHG VXEJUDSK LVRPRUSKLVP iso EHWZHHQ WZR DWWULEXWHG JUDSKV
G  V,E,ATT  DQG G′  V ′, E′, ATT ′ QRWHG * iso−−→ *¶ RU VLPSO\ * → *¶ LI
DQG RQO\ LI WKHUH LV DQ XQDWWULEXWHG LQGXFHG VXEJUDSK LVRPRUSKLVP LVR¶ IURP 9 ( WR
9¶ (¶ VXFK DV
 ∀ Y ∈ 9 UHVS ∀ H  v¯, v˜ ∈ (2 |$77v|  |$77iso′(v)|
UHVS |$77e|  |$77(iso′(v¯),iso′(v˜)|
 ∀ Y ∈ 9 UHVS ∀ H  v¯, v˜ ∈ (2 ∀ L ∈ [| |$77v|] 'iv  'iiso′(v)
UHVS 'ie  'i(iso′(v¯,iso′(v˜)
 WKH V\VWHP RI HTXDWLRQV 6  { $  $¶ | ∃ Y ∈ 9 ∃ L ∈ [| |$77v|] $  $iv ∧ $¶ $i
h(v) ∨ ∃ H  v¯, v˜ ∈ ( ∃ L ∈ [| |$77e|] $  $ie ∧ $¶  $i(h(v¯,h(v˜)) }KDV DW OHDVW RQH VROXWLRQ
ZKHUH $ DQG $¶ DUH PXWH YDULDEOH QDPHV VHH 'HILQLWLRQ 
6ROYLQJ WKH V\VWHP RI HTXDWLRQV 6 UHVXOWV LQ LGHQWLI\LQJ WKH YDOXH RI VRPH DWWULEXWHV
ZLWK VRPH FRQVWDQWV LQ WKHLU GRPDLQV RI GHILQLWLRQ DQGRU ZLWK WKH YDOXH RI VRPH
RWKHU DWWULEXWHV ,QWHJUDWLQJ WKH DIIHFWDWLRQ REWDLQHG E\ VROYLQJ WKH V\VWHPV UHIHUV WR
WKH XSGDWH RI WKH YDOXH RI WKH DWWULEXWH WR UHIOHFW WKHVH LGHQWLILFDWLRQV )RU H[DPSOH
LI [\ [  ∈ S2 PHDQLQJ WKDW [ KDV EHHQ LGHQWLILHG WR WKH YDULDEOH \ DQG WKH
FRQVWDQW  LQWHJUDWLQJ WKH DIIHFWDWLRQV REWDLQHG E\ VROYLQJ 6 ZLOO OHDG WR UHSODFLQJ
HDFK RFFXUUHQFH RI [ DQG \ E\  )RU JHQHULFQHVV VDNH ZH GHILQH WKH IROORZLQJ
VXSHUSDWWHUQV
'HILQLWLRQ  6XSHUSDWWHUQ
$ VXSHU SDWWHUQ LV RQH RI WKH IROORZLQJ HOHPHQWV
• $ YHUWH[ ZKRVH RQO\ DWWULEXWH LV µDQ\¶ LWV GRPDLQ RI GHILQLWLRQ EHJLQ RI QR
LQWHUHVW ,WV DWWULEXWHV GR QRW WDNH SDUW LQ WKH FRQGLWLRQV   RU  ,W LV RQO\
UHOHYDQW LQ WKH SKDVH ZKHUH DQ XQDWWULEXWHG VXEJUDSK LVRPRUSKLVP LV ORRNHG IRU
• $Q DWWULEXWH WDNLQJ YDOXH LQ D VXEVHW RI LWV GRPDLQ RI GHILQLWLRQ PDWHULDOLVHG E\
HQXPHUDWLQJ WKH SRVVLELOLW\ HJ D RU E {D E F} 6XFK DQ DWWULEXWH
LPSDFWV WKH FRQGLWLRQ  E\ DGGLQJ D FRQVWUDLQW RQ WKH V\VWHP RI HTXDWLRQ 6
7KH FKDUDFWHULVDWLRQ RI JUDSK UHZULWLQJ UXOHV XVHG LQ WKLV SDSHU LV EDVHG RQ WKH 'RXEOH
3XVK2XW (KULJ  DSSURDFK
'HILQLWLRQ  *UDSK UHZULWLQJ UXOH
$ JUDSK UHZULWLQJ UXOH LV D WULSOHW / . 5 ZKHUH / DQG 5 DUH WZR JUDSKV DQG .FDOOHG
WKH ,QY ]RQH LV D VXEJUDSK RI ERWK / DQG 5 /\. LV FDOOHG WKH 'HO ]RQH DQG 5\. LV
FDOOHG WKH $GG ]RQH $ UXOH LV DSSOLFDEOH RQ D JUDSK * LI WKHUH LV DQ LQGXFHG VXEJUDSK
LVRPRUSKLVP L /→ * DQG LWV DSSOLFDWLRQ GRHV QRW OHDG WR WKH DSSDULWLRQ RI DQ\ GDQJOLQJ
HGJH ,WV DSSOLFDWLRQ FRQVLVWV LQ HUDVLQJ /\. DQG DGGLQJ DQ LVRPRUSK FRS\ RI 5\.
LQWHJUDWLQJ WKH DIIHFWDWLRQ REWDLQHG E\ VROYLQJ WKH V\VWHP RI HTXDWLRQV UHODWHG WR L
,Q WKLV SDSHU JUDSK UHZULWLQJ UXOHV DUH LOOXVWUDWHG XVLQJ WKH GHOWD UHSUHVHQWDWLRQ ZKHUH
RQO\ RQH JUDSK LV FRQVLGHUHG 7KLV JUDSK LV YLVXDOO\ SDUWLWLRQHG LQWR WKUHH ]RQHV IURP
OHIW WR ULJKW WKH 'HO ,QY DQG $GG ]RQHV
)LJXUH  $Q H[DPSOH RI JUDSK WUDQVIRUPDWLRQ
)LJXUH  RIIHUV DQ H[DPSOH RI KRZ D WUDQVIRUPDWLRQ LV KDQGOHG LQ WKH SUHYLRXVO\ GHILQHG
DSSURDFK 7R OLJKWHQ WKH ILJXUH WKH DWWULEXWHV RI WKH HGJHV KDYH QRW EHHQ UHSUHVHQWHG
DQG ZLOO DOO EH FRQVLGHUHG HTXDOV 7KHUH H[LVWV DQ LQGXFHG VXEJUDSK LVRPRUSKLVP LVR
DVVRFLDWLQJ   DQG  ZLWK UHVSHFWLYHO\   DQG  ,W LGHQWLILHV E ZLWK [ DQG D ZLWK
 WKHVH LGHQWLILFDWLRQ LQWURGXFLQJ QR LQFRQVLVWHQF\ 7KLV PRUSKLVP LV VXFK DV / iso−−→
* DQG ∀ Y ∈ 9G1 \ LVR9K ∀ Y¶ ∈ 9L \ 9K  Y LVRY¶ /∈ (G1 ∧ LVRY¶ Y /∈ (G1
WKH GHOHWLRQ RI WKH JUDSK LGHQWLILHG ZLWK 'HO WKURXJK LVR ZRXOG QRW OHDG WR WKH DSSDULWLRQ
RI D GDQJOLQJ HGJH 7KH WUDQVIRUPDWLRQ 5 FDQ EH DSSOLHG WR * ZLWK WKH PDWFKLQJ iso
7KH JUDSK FRUUHVSRQGLQJ WR WKH 'HO ]RQH LV UHPRYHG DQG DQ LVRPRUSK FRS\ RI WKH $GG
]RQH LV WKHQ DGGHG  ZLWK E EHLQJ UHSODFHG E\ [ WR LPSDFW WKH LGHQWLILFDWLRQV
,QVSLUHG IURP &KRPVN\¶V  JHQHUDWLYH JUDPPDUV JUDSK JUDPPDUV VSHFLI\LQJ
DQ DUFKLWHFWXUDO VW\OH DUH GHILQHG DV IROORZV
'HILQLWLRQ  *UDSK JUDPPDU DQG WKHLU LQVWDQFHV
$ JUDSK JUDPPDU LV GHILQHG DV D V\VWHP < AX;NT ;T ;P > ZKHUH AX LV WKH D[LRP
NT LV WKH VHW RI WKH QRQWHUPLQDO YHUWH[HV T LV WKH VHW RI WHUPLQDO YHUWH[HV DQG P LV
WKH VHW RI JUDSK UHZULWLQJ UXOHV DOVR FDOOHG JUDPPDU SURGXFWLRQV $Q LQVWDQFH EHORQJLQJ
WR WKH JUDSK JUDPPDU LV D JUDSK * VXFK DV WKHUH LV QRW DQ\ QW ∈ NT VXFK DV QW → *
DQG LV REWDLQHG VWDUWLQJ
7KDQNV WR WKH YHU\ GHILQLWLRQ RI FRPSOLDQFH WR DQ DUFKLWHFWXUDO VW\OH FKDUDFWHULVHG
E\ D JUDSK JUDPPDU DQG LQ SDUWLFXODU LWV JHQHUDWLYH DVSHFW FRQVLVWHQF\ SUHVHUYLQJ
UHFRQILJXUDWLRQV FDQ EH EXLOW IURP WKH SURGXFWLRQV UXOHV &RUUHFW E\ FRQVWUXFWLRQ
UHFRQILJXUDWLRQV LV D NH\ DGYDQWDJH RI JUDSK JUDPPDUV
&RQVLGHU DQ\ UHZULWLQJ UXOH U ZKRVH DSSOLFDWLRQ LV HTXLYDOHQW WR WKH DSSOLFDWLRQ RI
D SURGXFWLRQ RU D VHTXHQFH RI SURGXFWLRQV RI WKH JUDPPDU QRWHG S LQ WKLV SDUDJUDSK
1RWH WKDW ZH FDQ FRQVLGHU D VLQJOH SURGXFWLRQ HYHQ LQ WKH FDVH RI D VHTXHQFH
WKURXJK FRPSRVLWLRQ 7ULYLDOO\ U SUHVHUYHV FRQVLVWHQF\ LI LWV DSSOLFDELOLW\ FRQGLWLRQV
DUH HTXLYDOHQW RU VWURQJHU WKDQ S¶V RQHV HJ LI U UHTXLUHV D ODUJHU SDWWHUQ WR EH IRXQG
PHDQLQJ WKDW /r LV D VXEJUDSK RI /p
$W ILUVW VLJKW ZH VKRXOG EH DEOH WR WHUPLQDWH DQ\WKLQJ WKDW KDV EHHQ VWDUWHG 6XFK
UXOHV FDQ EH REWDLQHG IURP WKH SURGXFWLRQV XVLQJ JUDSK UHZULWLQJ UXOHV¶ SURSHUW\ RI
UHYHUVLELOLW\ /HW¶V FRQVLGHU D FRQVLVWHQW LQVWDQFH RI D JUDSK JUDPPDU FRQVWUXFWHG E\
DSSO\LQJ WKH VHTXHQFH RI SURGXFWLRQV UXOHV Sii∈[|1,N |] WR WKH D[LRP ,QWXLWLYHO\ LI D
UXOH U LV DSSOLFDEOH WKH UHODWLRQVKLS RU HQWLW\ LW WHUPLQDWHV KDV SUHYLRXVO\ EHHQ VWDUWHG
PHDQLQJ WKDW WKHUH H[LVWV N ∈ [|1, N |] VXFK DV U LV WKH UHYHUVH RI Sk U SUHVHUYHV
FRQVLVWHQF\ LI U DQG HDFK UXOH LQ [|k,N |] DUH VHTXHQFH LQGHSHQGHQW
 )RUPDO FKDUDFWHULVDWLRQ RI 00 V\VWHPV
7KH IRUPDO OD\HU LQWURGXFHG WR UHDVRQ DQG PDQDJH DFWXDO 00 DSSOLFDWLRQV LV
FRPSRVHG E\ D JHQHULF JUDSK JUDPPDU 7KLV ODVW FKDUDFWHULVHV 00 V\VWHPV
$SSOLFDWLRQ EXLOW DFFRUGLQJ WR WKH 00 SDUDGLJP DUH LQVWDQFHV RI WKH (76, 00
VWDQGDUG ,Q D VLPLODU IDVKLRQ PDQDJHPHQW RI DFWXDO 00 DUFKLWHFWXUHV VKDOO UHO\ RQ
JUDSK JUDPPDUV LQVWDQWLDWHG IURP WKH PHWDJUDSK JUDPPDU
)RU FRQFLVHQHVV VDNH WKH SLHFHV RI LQIRUPDWLRQ FRQVLGHUHG KHUH DUH UHVWULFWHG WR
• 7KH GHSOR\HG GHYLFHV DQG WKH NLQG RI DSSOLFDWLRQV WKH\ PD\ UXQ :H DOVR NHHS
WUDFN RI ZKLFK GHYLFHV µVHH HDFK RWKHU¶ LH DUH UHJLVWHUHG WR RQH DQRWKHU DQG WKH
SURSDJDWLRQ GHOD\ GXH WR WKH SK\VLFDO QHWZRUN WKURXJK ZKLFK WKH\ FRPPXQLFDWH
• 7KH GHSOR\HG FRQWDLQHUV RQ ZKLFK GHYLFH DQG WKH GHYLFHV WKH\ DUH DQQRXQFHG WR
• 7KH GHSOR\HG DSSOLFDWLRQV RQ ZKLFK GHYLFH WKHLU W\SH WKH GHYLFHV WKH\ DUH
DQQRXQFHG WR WKH FRQWDLQHUV WKH\ FXUUHQWO\ XVH DQG KRZ WKH\ XVH HDFK FRQWDLQHUV
:KHQ EXLOGLQJ D JUDSK JUDPPDU WKH ILUVW WKLQJ WR FRQVLGHU LV WKH VHW RI WHUPLQDO
WHUPV 7KHVH ODVWV FKDUDFWHULVH WKH NLQGV RI HQWLWLHV FRQVWLWXWLQJ DQ 00 V\VWHP DQG
WKH LQIRUPDWLRQ WKDW KDV WR EH FDUULHG E\ HDFK HQWLW\ (DFK YHUWH[ LV LGHQWLILHG E\ D
XQLTXH LGHQWLILHU WKH VHW RI LGHQWLILHU EHLQJ QRWHG ,G %\ FRQYHQWLRQ DQG WR VLPSOLI\ WKH
QRWDWLRQV D YHUWH[ Y DWWULEXWHG E\ $77v ZLOO EH QRWHG Y$77v ,Q 00 V\VWHPV DQG
FRQVLGHULQJ WKH SUHYLRXV SDUDJUDSK ZH GLVWLQJXLVK WKUHH DUFKHQWLWLHV UHSUHVHQWLQJ WKH
YHUWH[HV PRGHOOLQJ
• 7KH GHSOR\HG FRQWDLQHUV VLPSO\ QRWHG 9containersLG,G DQG UHIHUHHG WR DV
9containers
• 7KH GHSOR\HG DSSOLFDWLRQV DQG WKHLU W\SH /HW DSSOLFDWLRQ7\SH EH WKH VHW RI
DSSOLFDWLRQ¶V W\SH 7KH FRQVLGHUHG DUFKYHUWH[ LV 9applicationsLG,G DSSOL7\SH
DSSOLFDWLRQ7\SH
• 7KH QHWZRUN JDWHZD\V DQG (76, GHYLFHV WKDW GR QRW UHTXLUH D JDWHZD\ WR
FRPPXQLFDWH DQG WKH W\SH RI DSSOLFDWLRQV WKDW PD\ UXQ /HW DSSOLFDWLRQ7\SHV EH
WKH SRZHU VHW RI DSSOLFDWLRQ7\SH 7KLV NLQG RI YHUWH[HV LV UHSUHVHQWHG E\ WKH
DUFKYHUWH[ 9devicesLG,GGHYLFH7\SH {1HWZRUN *DWHZD\
(76,GHYLFH} UXQQDEOH$SSOLFDWLRQ DSSOLFDWLRQ7\SHV
2QFH WKH HQWLWLHV GHILQHG RQH VKRXOG FRQVLGHU WKHLU UHODWLRQVKLSV PRGHOOHG E\ HGJHV¶
DWWULEXWHV
• UHJLVWHUHG WZR LQVWDQFHV RI WKH GHYLFH DUFKYHUWH[ PD\ EH UHJLVWHUHG WR RQH
DQRWKHU
• FUHDWHG EHWZHHQ D FRQWDLQHU RU DQ DSSOLFDWLRQ DQG WKH GHYLFH LW LV GHSOR\HG RQ
• DQQRXQFHG EHWZHHQ D FRQWDLQHU RU DQ DSSOLFDWLRQ DQG D UHPRWH GHYLFH
7KH FRQGLWLRQV WKDW KDYH WR EH PHW IRU D UHODWLRQVKLS WR EH LQLWLDWHG RU IRU DQ HQWLW\ WR
EH GHSOR\HG DV ZHOO DV KRZ WR GR LW DUH GHVFULEHG E\ WKH SURGXFWLRQV RI WKH JUDPPDU
)RU UHDGDELOLW\ VDNH DQG FRQVLGHULQJ WKDW WKHUH LV QR DPELJXLW\ RQ GRPDLQV RI GHILQLWLRQ
WKH\ DUH LPSOLFLW LQ WKH IROORZLQJ )XUWKHUPRUH RQO\ WKH PRVW UHSUHVHQWDWLYH SURGXFWLRQV
DUH JUDSKLFDOO\ UHSUHVHQWHG
7KH SURGXFWLRQ S1 LOOXVWUDWHG LQ )LJXUH D GHVFULEHV WKH LQLWLDOLVDWLRQ RI DQ 00
QHWZRUN FRQVLVWLQJ LQ WKH GHSOR\PHQW RI WKH YHUWH[ UHSUHVHQWLQJ WKH QHWZRUN 7KH
DGGLWLRQ RI D GHYLFH EH LW D JDWHZD\ RU DQ (76, GHYLFH LV PDQDJHG E\ WKH UXOH S2
UHSUHVHQWHG LQ )LJXUH E 6XFK D GHYLFH KDV WR EH UHJLVWHUHG WR WKH QHWZRUN DQG VHH
WKH UHVRXUFHV RI WKH QHWZRUN LQ D VLPLODU IDVKLRQ
7KH UXOH S3 LOOXVWUDWHG LQ )LJXUH F IRUPDOLVHV WKH DGGLWLRQ RI DQ DSSOLFDWLRQ 7KH
UXOH S4 PRGHOOLQJ WKH GHSOR\PHQW RI D FRQWDLQHU LV VLPLODU DQG WKXV QR UHSUHVHQWHG 1RWH
WKDW WKH GHYLFH VKRXOG EH DEOH WR UXQ VXFK DQ DSSOLFDWLRQ LH DSSOL ∈ UXQQDEOH$SSOLV
7KH UXOH S5 SUHVHQWHG LQ )LJXUH G GHSLFWV WKH SHHU WR SHHU UHJLVWUDWLRQ RI DQ
(76, GHYLFH RU D JDWHZD\ WR DQRWKHU RQH 5HJLVWUDWLRQ LV D V\PPHWULF UHODWLRQ $WWULEXWHV
type1 DQG type2 DUH YDULDEOH DQG FDQ WDNH DQ\ YDOXH LQ {1HWZRUN (76,GHYLFH
*DWHZD\} type1 DQG type2 FDQ EH UHSODFHG E\ (76,GHYLFH RU *DWHZD\ VLQFH
QHLWKHU W\SH QRU W\SH VKRXOG EH HTXDOV WR 1HWZRUN +RZHYHU HDFK GHYLFH DQG HDFK
JDWHZD\ UHJLVWHUV WR WKH QHWZRUN ZKHQ GHSOR\HG DQG UHPDLQV UHJLVWHUHG 6LQFH WKHUH LV
QR HGJH EHWZHHQ WKH WZR YHUWH[HV LQ WKH LQYDULDQW SDUW RI WKH UXOH LW LV QRW SRVVLEOH WR
ILQG DQ LQGXFHG VXEJUDSK LVRPRUSKLVP ZLWK type1 RU type2 HTXDOV WR 1HWZRUN
7KH DQQRXQFHPHQW WR D GHYLFH  RI DQ DSSOLFDWLRQ RU D FRQWDLQHU GHSOR\HG RQ D
GHYLFH  UHTXLUHV GHYLFHV  DQG  WR EH UHJLVWHUHG DV VKRZQ E\ WKH SURGXFWLRQ S6
GHSLFWHG LQ )LJXUH H
$Q DSSOLFDWLRQ PD\ XVH D FRQWDLQHU LH UHDGV DQGRU ZULWHV RQ LW LI RQH RI WKH
IROORZLQJ FRQGLWLRQV LV PHW
• %RWK DUH GHSOR\HG RQ WKH VDPH GHYLFH 7KLV YHU\ VLPSOH FDVH LV GHVFULEHG E\ WKH
SURGXFWLRQ S7 QRW UHSUHVHQWHG KHUH
• 7KH DSSOLFDWLRQ LV UXQQLQJ RQ DQ HQWLW\ RQ ZKLFK WKH FRQWDLQHU LV DQQRXQFHG S8
LOOXVWUDWHG LQ )LJXUH H 1RWH WKDW VLQFH D FRQWDLQHU FDQ QRW EH DQQRXQFHG RQ
WKH GHYLFH RQ ZKLFK LW LV GHSOR\HG WKH DSSOLFDWLRQ XVHV D UHPRWH FRQWDLQHU
)LQDOO\ WKH JUDSK JUDPPDU FKDUDFWHULVLQJ 00 V\VWHPV LV
< AX, ∅, {Vcontainers, Vapplications, Vdevices}, {p1, p2, p3, p4, p5, p6, p7, p8} >
 ,QWHUOD\HUV FRPPXQLFDWLRQV DQG XSGDWHV
%RWK OD\HU FDQ RULJLQDWH D PRGHO HYROXWLRQ VLQFH GLVFRYHU\ LV FRQGXFWHG LQ WKH
IXQFWLRQDO OD\HU DQG UHFRQILJXUDWLRQV LQ WKH IRUPDO RQH 7R HQVXUH WKH FRKHUHQFH RI WKH
WZR OD\HUV FKDQJHV PXVW WKXV EH ELGLUHFWLRQDOO\ LPSDFWHG
)LJXUH  0RVW UHSUHVHQWDWLYH SURGXFWLRQV RI WKH JUDPPDU D LQLWLDOLVDWLRQ S1 E DGGLWLRQ
RI D GHYLFH S2 F DGGLWLRQ RI DQ DSSOLFDWLRQ S3 G UHJLVWUDWLRQ RI D GHYLFH S5
H DQQRXQFHPHQW RI DQ DSSOLFDWLRQ RU D FRQWDLQHU S6 I DQ DSSOLFDWLRQ XVHV D
GLVWDQW FRQWDLQHU S8
D E F
G H I
 )URP WKH IXQFWLRQDO OD\HU WR WKH IRUPDO RQH
:KHQHYHU D QHZ HQWLW\ MRLQV WKH V\VWHP RU LV VWDUWHG LW LV VSRWWHG E\ WKH IXQFWLRQDO
OD\HU WKURXJK LWV GLVFRYHU\ SURWRFRO 7KUHH W\SHV RI HQWLWLHV DUH FRQVLGHUHG FRQWDLQHUV
DSSOLFDWLRQV DQG GHYLFHV $ FRQWDLQHU RU DQ DSSOLFDWLRQ FDQ EH GLVFRYHUHG VLPXOWDQHRXVO\
ZLWK WKH GHYLFH WKH\ DUH GHSOR\HG RQ RU RQ DQ DOUHDG\ NQRZ GHYLFH ,Q DQ\
FDVH GLVFRYHUHG GHYLFHV DUH ILUVWO\ WUHDWHG DSSOLFDWLRQV DQG FRQWDLQHUV EHLQJ WUHDWHG
WKHUHDIWHU 1R VSHFLILF RUGHU RI WUHDWPHQW QHHGV WR EH DGRSWHG ZLWKLQ WKHVH WZR VHWV
• 'HYLFH GLVFRYHU\ $ PHVVDJH LV VHQW ZLWK WKH XQLTXH LGHQWLILHU RI WKH GHYLFH WKH
W\SHV RI DSSOLFDWLRQ LW PD\ UXQ DQG LWV QDWXUH LH JDWHZD\ RU (76,GHYLFH 7KH
JUDSK LV XSGDWHG E\ DSSO\LQJ WKH UXOH S2 id2 *DWHZD\ RU (76,GHYLFH DQG
runnableApplis2 LQVWDQWLDWHG ZLWK WKH SUHYLRXV LQIRUPDWLRQ
• &RQWDLQHU GLVFRYHU\ $ PHVVDJH LV VHQW ZLWK WKH XQLTXH LGHQWLILHUV RI WKH
FRQWDLQHU DQG WKH GHYLFH LW LV GHSOR\HG RQ 7KH UXOH S4 LV WKHQ DSSOLHG WR WKH
IRUPDO OD\HU ZLWK id1 DQG id2 IL[HG WR WKH UHFHLYHG LGHQWLILHUV
• $SSOLFDWLRQ GLVFRYHU\ $ PHVVDJH LV VHQW ZLWK WKH XQLTXH LGHQWLILHUV RI WKH
DSSOLFDWLRQ DQG WKH GHYLFH LW LV GHSOR\HG RQ DV ZHOO DV WKH W\SH RI WKH DSSOLFDWLRQ
7KH JUDSK LV XSGDWHG E\ DSSO\LQJ WKH UXOH S3 ZLWK id1 id2 DQG appli IL[HG WR WKH
UHFHLYHG YDOXHV
 )URP WKH IRUPDO OD\HU WR WKH IXQFWLRQDO RQH
:KHQHYHU DQ DFWLRQ LV DSSOLHG FRQVHTXHQWO\ WR D GHFLVLRQ LQ WKH IRUPDO OD\HU WKH
LPSOLFDWLRQ PXVW EH LPSDFWHG RQ WKH UHDO V\VWHP LH WKH IXQFWLRQDO OD\HU 6LQFH
UHFRQILJXUDWLRQV DUH PRGHOOHG E\ JUDSK UHZULWLQJ UXOHV WKH\ FDQ EH GHFRPSRVHG
UHJDUGLQJ HDFK YHUWH[ DQG HGJH LQ WKH $GG DQG 'HO ]RQHV $Q DFWLRQ ZLOO EH SHUIRUPHG
IRU HDFK HOHPHQW GHSHQGLQJ RQ LWV ]RQH DQG LWV DWWULEXWHV 7KHVH RSHUDWLRQV DUH FRQGXFWHG
LQ WKH IROORZLQJ RUGHU IRU DGGLWLRQ GHYLFHV FRQWDLQHUV DSSOLFDWLRQV UHJLVWUDWLRQ
DQQRXQFHPHQW DQG XWLOLVDWLRQ ,I OLQNHG WR GHOHWLRQ WKH\ DUH RSHUDWHG LQ WKH RSSRVLWH
RUGHU 1HLWKHU GHOHWLRQ QRU DGGLWLRQ KDYH WKH SULRULW\ ZLWK UHJDUG WR WKH RWKHU DQG WKHUH
LV QR RUGHU ZLWKLQ D W\SH HJ LI VHYHUDO DSSOLFDWLRQV DUH VLPXOWDQHRXVO\ VWDUWHG WKH\
PD\ EH WUHDWHG LQ DQ\ RUGHU
• 'HYLFH 6XSSUHVVLRQ DQG DGGLWLRQ RI GHYLFHV RQ WKH IRUPDO OD\HU GRHV QRW OHDGV WR
WKH VXSSUHVVLRQ DQG DGGLWLRQ RI GHYLFHV LQ WKH IXQFWLRQDO OD\HU 5DWKHU LW ZLOO OHDG
WR D FKDQJH LQ WKH VWDWXV RI WKH GHYLFH QRWLI\LQJ ZKHWKHU LW LV DFWLYH RU QRW 7KLV
PHFKDQLVP HQVXUHV WKDW UHJLVWUDWLRQV RI WKH GHYLFHV DQG UHPRWH LQIRUPDWLRQ RQ
WKH GHYLFH DUH QRW ORVW ZKHQ LW LV VWRSSHG
 DFWLYDWLRQ DQ 83'$7( FDOO ZLWK WKH VWDWXV µDFWLYH¶ LV VHQW LQ WKH IXQFWLRQDO
OD\HU WR WKH UHVRXUFHV WUHH RI WKH FRQFHUQHG GHYLFH
 GHDFWLYDWLRQ DQ 83'$7( FDOO ZLWK WKH VWDWXV µLGOH¶ LV VHQW LQ WKH IXQFWLRQDO
OD\HU WR WKH UHVRXUFHV WUHH RI WKH FRQFHUQHG GHYLFH
• $SSOLFDWLRQ DQGRU FRQWDLQHU
 DGGLWLRQ D &5($7( FDOO ZLWK DOO UHTXLUHG LQIRUPDWLRQ LV VHQW WR WKH
IXQFWLRQDO OD\HU PRUH SUHFLVHO\ WR WKH UHVRXUFHV WUHH RI WKH GHYLFH RQ ZKLFK
WKH DSSOLFDWLRQ RU WKH FRQWDLQHU LV GHSOR\HG
 GHOHWLRQ D '(/(7( FDOO ZLWK DOO UHTXLUHG LQIRUPDWLRQ LV VHQW WR WKH UHVRXUFHV
WUHH RI WKH GHYLFH WKH DSSOLFDWLRQ RU WKH FRQWDLQHU LV GHSOR\HG RQ
• 5HJLVWUDWLRQGHUHJLVWUDWLRQ ,Q WKLV SDUW SHHUWRSHHU LQWHUDFWLRQ FDSDELOLWLHV DUH
WUHDWHG ZKLFK DV D XQLTXH IHDWXUH VLJQLILFDQWO\ LPSURYHV V\VWHP VFDODELOLW\ DQG
SHUIRUPDQFHV E\ HQDEOLQJ JDWHZD\JDWHZD\ GHYLFHGHYLFH DQG GHYLFHJDWHZD\
GLUHFW FRPPXQLFDWLRQV
 5HJLVWUDWLRQ 7R DGG D SHHUWRSHHU FRPPXQLFDWLRQ D &5($7(VFO! FDOO LV
VHQW IURP D GHYLFH WR DQRWKHU +RVWLQJ GHYLFH LQ RUGHU WR EH DEOH WR LQWHUDFW
ZLWK LW GLUHFWO\
 'HUHJLVWUDWLRQ 7R GHOHWH D SHHUWRSHHU FRPPXQLFDWLRQ D '(/(7(VFO!
FDOO VKDOO EH XVHG E\ WKH LVVXHU GHYLFH WR GHUHJLVWHU IURP WKH UHPRWH GHYLFH
:KHQ D GHYLFH UHJLVWHUV WR DQRWKHU GHYLFH WZR UHVRXUFHV DUH FUHDWHG RQH LQ
WKH LVVXHU DQG DQRWKHU LQ WKH KRVWLQJ 7KH GHUHJLVWUDWLRQ SURFHVV VKDOO FRQVLVW
LQ WKH GHOHWLRQ RI ERWK UHVRXUFHV SUHYLRXVO\ FUHDWHG
• $QQRXQFHPHQW
 QHZ DQQRXQFHPHQW D &5($7( FDOO RI WKH UHVRXUFH µDSSOLFDWLRQ$QQF¶ RU
µFRQWDLQHU$QQF¶ ZLWK DOO UHTXLUHG LQIRUPDWLRQ LV VHQW WR WKH IXQFWLRQDO OD\HU
PRUH SUHFLVHO\ WR WKH UHVRXUFHV WUHH RI WKH GHYLFH ZKHUH WKH UHVRXUFH ZLOO EH
DQQRXQFHG
 GHDQQRXQFHPHQW D '(/(7( FDOO RI WKH UHVRXUFH µDSSOLFDWLRQ$QQF¶ RU
µFRQWDLQHU$QQF¶ ZLWK DOO UHTXLUHG LQIRUPDWLRQ LV VHQW WR WKH UHVRXUFHV WUHH RI
WKH GHYLFH ZKHUH WKH UHVRXUFH ZLOO EH GHDQQRXQFHG
• 8WLOLVDWLRQ ,I DQ DSSOLFDWLRQ KDV WR UHDG DQGRU ZULWH RQ D FRQWDLQHU RU WR VWRS
GRLQJ VR DQ 83'$7( FDOO ZLWK WKH FRUUHVSRQGLQJ DSSOLFDWLRQ UHTXHVWLQJ HQWLW\ LV
VHQW WR WKH FRQWDLQHU WR XSGDWH WKH DFFHVV ULJKWV DFFRUGLQJO\
 (QIRUFHPHQW RI VHOIPDQDJHPHQW SROLFLHV
7KLV VHFWLRQ H[SORLWV WKH SURSRVHG IUDPHZRUN DQG GHPRQVWUDWHV LWV ILWQHVV E\ GHILQLQJ
VHOIPDQDJHPHQW SROLFLHV IRU DQ\ 00 V\VWHP ,Q WKH IROORZLQJ ZH DVVXPH WKH
H[LVWHQFH RI D PRQLWRULQJ DQGRU DQ DQDO\VLQJ URXWLQH DEOH WR WKURZ WKH IROORZLQJ HYHQWV
• D FRQWDLQHU F KDV EHHQ DFFHVVHG PRUH WKDQ [ WLPHV E\ GLVWDQW DSSOLFDWLRQV LQ DQ
LQWHUYDO RI WLPH W
• WKHUH LV OHVV WKDQ [ RI EDWWHU\ OHIW RQ D GHYLFH G
(DFK HYHQW WULJJHUV DQ DOJRULWKP XVLQJ JUDSK UHZULWLQJ UXOHV DV GHVFULEHG EHORZ ,Q
FRQFRUGDQFH ZLWK WKH UHPDUN RQ JUDSK JUDPPDUV DQG FRUUHFWQHVV RI UHFRQILJXUDWLRQV
WKH DSSOLFDWLRQ RI WKH UHZULWLQJ UXOHV XVHG LQ UHFRQILJXUDWLRQ VFHQDULRV LV HTXLYDOHQW WR
WKH DSSOLFDWLRQ RI D SURGXFWLRQ RU D VHTXHQFH RI SURGXFWLRQV RI WKH JUDPPDU RU WKH
UHYHUVH RI D SURGXFWLRQ 7KLV HQVXUHV WKDW WKH V\VWHP VWD\V LQ D VWDWH FRQVWUXFWLEOH ZLWK
D VHTXHQFH RI SURGXFWLRQV DQG WKXV WKDW WKH UHFRQILJXUDWLRQ LV FRUUHFW
7KH JUDSK UHSUHVHQWLQJ WKH IRUPDO OD\HU ZKHQ DQ HYHQW LV WKURZQ LV QRWHG
*  9 ( $77 ,Q WKLV VHFWLRQ µXSGDWH WKH IXQFWLRQDO OD\HU¶ UHIHUV WR WKH SURFHVVHV
GHVFULEHG LQ 6HFWLRQ 
:KHQ µD FRQWDLQHU F KDV EHHQ DFFHVVHG PRUH WKDQ [ WLPHV E\ GLVWDQW DSSOLFDWLRQV
LQ DQ LQWHUYDO RI WLPH W¶ LW VKRXOG EH PRYHG WR WKH QHWZRUN LQ RUGHU QRW WR VDWXUDWH
WKH FRPPXQLFDWLRQ FKDQQHO RI WKH GHYLFH ZKHUH F LV GHSOR\HG (DFK DSSOLFDWLRQ WKDW
UHDGV DQGRU ZULWHV RQ F LV UHGLUHFWHG WR WKH FRUUHVSRQGLQJ FRQWDLQHU 7KHVH DFWLRQV DUH
GHVFULEHG LQ WKH DOJRULWKP PLJUDWHLG& LG' ZKHUH idC DQG idD DUH UHVSHFWLYHO\ WKH
LGHQWLILHUV RI F DQG RI WKH GHYLFH ZKHUH WKH QHZ FRQWDLQHU VKDOO EH GHSOR\HG LQ WKLV
FDVH WKH QHWZRUN
PLJUDWHLG& LG'
FUHDWH1DQQRXFHLG& LG'
IRU HDFK LQGXFHG VXEJUDSK LVRPRUSKLVP L /redirect(idC,idNewC) i−→ *
DSSO\ JUDSK UHZULWLQJ UXOH UHGLUHFWLG& LG1HZ& ZUW L
XSGDWH WKH IXQFWLRQDO OD\HU
DSSO\ JUDSK UHZULWLQJ UXOH GHVWUR\LG&
XSGDWH WKH IXQFWLRQDO OD\HU
:LWK FUHDWH1DQQRXQFHLG& LG' EHLQJ WKH SURFHVV ILUVW FUHDWLQJ D QHZ FRQWDLQHU RQ
WKH GHYLFH LGHQWLILHG E\ LG' 7KHQ HDFK UHJLVWUDWLRQ DQG DQQRXQFHPHQW UHTXLUHG SULRU
WR WKH UHGLUHFWLRQ RI DSSOLFDWLRQV XVLQJ LG& DUH FRQGXFWHG
FUHDWH1DQQRXQFHLG& LG'
DSSO\ JUDSK UHZULWLQJ UXOH S4 ZLWK LG IL[HG WR LG'
XSGDWH WKH IXQFWLRQDO OD\HU
LG1HZ& ← LG WKH LG RI WKH QHZ FRQWDLQHU
IRU HDFK LQGXFHG VXEJUDSK LVRPRUSKLVP L /registerD(idC,idNewC) i−→ *
DSSO\ JUDSK UHZULWLQJ UXOH UHJLVWHU'LG& LG1HZ& ZUW L
XSGDWH WKH IXQFWLRQDO OD\HU
IRU HDFK LQGXFHG VXEJUDSK LVRPRUSKLVP L /announceC(idC,idNewC) i−→ *
DSSO\ JUDSK UHZULWLQJ UXOH DQQRXQFH&LG& LG1HZ& ZUW L
XSGDWH WKH IXQFWLRQDO OD\HU
ZKHUH UHGLUHFWLG&LG1HZ& GHVWUR\LGFUHJLVWHU'LG&LG1HZ& DQG DQQRXQFH&LG&
LG1HZ& DUH GHVFULEHG LQ )LJXUH  1RWH WKDW WKH XQLTXHQHVV RI WKH LQGXFHG VXEJUDSK
LVRPRUSKLVP ZLWK UHJDUG WR ZKLFK S4 S6 GXSOLFDWHLG& LG1HZ& DQG GHVWUR\LG& DUH
DSSOLHG LV HQVXUHG E\ WKH XQLTXHQHVV RI WKH LGHQWLILHU RI WKH FRQWDLQHU
7KH FDVH ZKHUH µWKHUH LV OHVV WKDQ [ RI EDWWHU\ OHIW RQ D GHYLFH G¶ PD\ OHDG WR
WKH ORVV RI GDWD LQ WKH FRQWDLQHUV GHSOR\HG RQ WKH GHYLFH d ZKHQHYHU LW ZLOO VKXW GRZQ
GXH WR DQ HPSW\ EDWWHU\ ,Q RUGHU WR SUHYHQW WKLV ORVV HDFK FRQWDLQHU GHSOR\HG RQ d
LV PRYHG HOVHZKHUH 7KH WDUJHWV RI WKHVH PLJUDWLRQV LPSDFW WKH FRQILJXUDWLRQ TXDOLW\
DQG VKRXOG WKHUHIRUH EH FKRVHQ FDUHIXOO\ 7R HQVXUH VHUYLFH FRQWLQXLW\ HDFK DSSOLFDWLRQ
WKDW UHDGV DQG RU ZULWHV RQ D PLJUDWHG FRQWDLQHU LV UHGLUHFWHG WR WKH FRUUHVSRQGLQJ
FRQWDLQHU 7KHVH VWHSV DUH FRQGXFWHG E\ WKH SURFHVV EDFNXSLG'
EDFNXSLG'
IRU HDFK LQGXFHG VXEJUDSK LVRPRUSKLVP L *¶LG' i−→ *
LG& ← WKH LGHQWLILHU RI WKH FRQWDLQHU DVVRFLDWHG ZLWK LG WKURXJK L
LG7DUJ' ← ILQG6XLWDEOH'HYLFHLG&
PLJUDWHLG& LG7DUJ'
:LWK *¶ EHLQJ QRWKLQJ PRUH WKDQ D FRQWDLQHU GHSOR\HG RQ GHYLFH RU 5p4 7KH IXQFWLRQ ILQG6XLWDEOH'HYLFHidC UHWXUQV WKH LGHQWLILHU RI WKH GHYLFH RQ ZKLFK D
FRQWDLQHU c˜ VKRXOG EH GHSOR\HG LQ RUGHU WR UHSODFH RU UHLQIRUFH WKH FRQWDLQHU c LGHQWLILHG
E\ idC
,QWULQVLFDOO\ WKH IDVWHU WKH FRQWDLQHU XVDJH WKH EHWWHU &RQVHTXHQWO\ WKH PRVW
VXLWDEOH ORFDWLRQ IRU D FRQWDLQHU LV FRQVLGHUHG WR EH WKH RQH PLQLPLVLQJ WKH VXP
RI WKH WUDQVPLVVLRQ GHOD\V IURP HDFK XVHU LH DSSOLFDWLRQV XVLQJ WKH FRQWDLQHU ,Q
WKH SUHVHQW FDVH IXWXUH XVHUV DUH DSSOLFDWLRQV XVLQJ c VLQFH WKH\ ZLOO HYHQWXDOO\ XVH
c˜ LQVWHDG )XUWKHUPRUH DQ DSSOLFDWLRQ FDQ XVH D FRQWDLQHU RQO\ LI WKHLU UHVSHFWLYH
ORFDWLRQV DUH DQQRXQFHG WR HDFK RWKHU &RQVHTXHQWO\ WKHUH VKRXOG EH DQ HGJH
EHWZHHQ WKH HDFK GHYLFH ZKHUH DQ DSSOLFDWLRQ XVLQJ c LV GHSOR\HG DQG WKH WDUJHW RI WKH
PLJUDWLRQ
)LJXUH  5XOHV LQWHUYHQLQJ LQ PLJUDWHLG& LG' D UHGLUHFWLG& LG1HZ& UHGLUHFWLRQ RI DQ
LQSXW DQGRU RXWSXW RI DQ DSSOLFDWLRQ E UHJLVWHU'LG&LG1HZ& UHJLVWUDWLRQ RI D
GHYLFH RQ ZKLFK DQ DSSOLFDWLRQ WR EH UHGLUHFWHG LV GHSOR\HG F >GHVWUR\LGF
VXSSUHVVLRQ RI WKH RULJLQDO FRQWDLQHU G DQQRXQFH&LG& LG1HZ& DQQRXQFHPHQW
RI WKH QHZ FRQWDLQHU
D E F
G
,Q UHDOOLIH V\VWHP LW LV KLJKO\ SUREDEOH WKDW WKH DSSURSULDWH GHYLFH LV FXUUHQWO\
UXQQLQJ DQ DSSOLFDWLRQ XVLQJ c VLQFH WKH\ QXOOLI\ D WHUP RI WKH VXP WR EH PLQLPLVHG
$FFRUGLQJO\ WKH SRWHQWLDO WDUJHWHG GHYLFHV DUH UHVWULFWHG WR WKH RQHV RQ ZKLFK DQ
DSSOLFDWLRQ XVLQJ c LV GHSOR\HG H[FHSW WKH RQH ZKHUH F LV GHSOR\HG SOXV WKH QHWZRUN
&RQVLGHULQJ WKLV ODVW HQVXUHV WKDW DW OHDVW RQH ORFDWLRQ FDQ EH VHHQ IURP DQ\ RWKHU 7KLV
VHW FDQ EH FRQVWUXFWHG E\ ORRNLQJ IRU LQGXFHG VXEJUDSK LVRPRUSKLVPV IURP 5p8 WR *
,W LV VXSSRVHG WR EH NQRZQ DQG QRWHG SRWHQWLDOLG& ZKLOH SRWHQWLDO LGLG& TXDOLILHV
LWV VHW RI LGHQWLILHUV
ILQG6XLWDEOH'HYLFHLG&
VHDUFK*UDSK ← WKH VXEJUDSK RI * LQGXFHG E\ SRWHQWLDOLG&
IRU HDFK i ∈ SRWHQWLDO LGLG&
LI ∀ id ∈ potential id\{i} iid ∈ (searchGraph
VXP)URPi ← ∑
id∈potential id\{i} $searchGraph2(i,id)HOVH VXP)URPi ← ∞
idD ← id VXFK DV VXP)URPid  PLQi∈potential id VXP)URPi
LI VXP)URPidD 6=∞ UHWXUQ idD
HOVH UHWXUQ idNetwork
 6PDUW PHWHULQJ XVH FDVH
7KURXJKRXW WKLV VHFWLRQ VPDUW PHWHULQJ V\VWHPV DUH XVHG WR LOOXVWUDWH DQG HYDOXDWH
WKH DSSOLFDWLRQ RI WKH GHVFULEHG DSSURDFK WR D UHDOOLIH XVH FDVH $Q DGYDQFHG
PHWHULQJ LQIUDVWUXFWXUH $0, FRQWDLQV QXPHURXV KHWHURJHQHRXV PDFKLQHV HJ PHWHUV
VHQVRUV DFWXDWRUV JDWHZD\V SURFHVVRUV VPDUW SKRQHV 7KH\ DUH LQWHUFRQQHFWHG
DQG FRRSHUDWH WR DFKLHYH FOHDUO\ GHILQHG REMHFWLYHV VXFK DV KRXVH DQG FLWLHV PRQLWRULQJ
DQG ELOOLQJ
)LJXUH  1HWZRUN UHVRXUFH WUHH
 ([DPSOH
,Q WKH SUHVHQW VFHQDULR ZH FRQVLGHU WKH UHFRQILJXUDWLRQ RI DQ $0, PRQLWRULQJ D KRXVH
7KH LQLWLDO DQG ILQDO JUDSKV PRGHOOLQJ WKH DSSOLFDWLRQ LV UHSUHVHQWHG LQ )LJXUH  7KH
QHWZRUN UHVRXUFHV WUHH D UHSUHVHQWDWLYH SDUW RI WKH IXQFWLRQDO OD\HU LV LOOXVWUDWHG LQ
)LJXUH  7R FODULI\ WKH ILJXUHV YHUWH[ DWWULEXWHV DUH LPSOLFLW ZKLOH FUHDWHG DQG
DQQRXQFHG KDYH EHHQ VKRUWHQHG WR F DQG D 7KH KRXVH LV HTXLSSHG ZLWK WKH
IROORZLQJ GHYLFHV D PLFURFRQWUROOHU FRQQHFWLQJ WHPSHUDWXUH VHQVRUV D JDWHZD\ D VPDUW
SKRQH DQG D VPDUW PHWHU UHFRUGLQJ WKH HOHFWULF FRQVXPSWLRQ RI WKH KRXVH 7KHVH GHYLFHV
DUH FRQQHFWHG WR WKH QHWZRUN
)LJXUH  7KH IRUPDO OD\HU DQ LQVWDQFH RI WKH JUDSK JUDPPDU GHSLFWLQJ WKH VWDWH
RI WKH V\VWHP
,QLWLDOO\ WKH JDWHZD\ LV GHGLFDWHG WR µHOHFWULFLW\¶ DQG µWHPSHUDWXUH¶ FRQWDLQHUV GXH WR
LWV KLJK VWRUDJH FDSDFLW\ 7KH WHPSHUDWXUH VHQVRUV DQG WKH PHWHULQJ DSSOLFDWLRQ ZULWH
RQ WKH µWHPSHUDWXUH¶ FRQWDLQHU DQG WKH µHOHFWULFLW\¶ RQH UHVSHFWLYHO\ 7KH PRQLWRULQJ
DSSOLFDWLRQ LV GHSOR\HG RQ WKH VPDUW SKRQH DQG UHDGV GDWD IURP WKH µHOHFWULFLW\¶
FRQWDLQHU
7R LOOXVWUDWH VHOIPDQDJHPHQW SROLFLHV OHW¶V DVVXPH WKDW WKH JDWHZD\ KDV D ORZ
EDWWHU\ DQG ZLOO VRRQ EUHDNGRZQ ,Q RUGHU WR SUHYHQW SRWHQWLDO GDWD ORVV LWV FRQWDLQHUV
ZLOO EH PLJUDWHG XVLQJ EDFNXSLG*DWHZD\ 7KH IRUPDO OD\HU ZLOO UHFHLYH DQ KWWS UHTXHVW
IURP WKH IXQFWLRQDO RQH ZKHUH WKH PRQLWRULQJ WDNHV SODFH ZLWK WKH IRUPDW 387EDFNXS
LG*DWHZD\ $FFRUGLQJ WR WKH SROLF\ PLJUDWHILQG6XLWDEOH'HYLFH ZLOO EH DSSOLHG WR
µHOHFWULFLW\¶ DQG µWHPSHUDWXUH¶ FRQWDLQHUV )LUVWO\ WKH PLJUDWLRQ WDUJHWV DUH FKRVHQ 7KLV
LV FRQGXFWHG E\ ILQGLQJ WKH GHYLFH YLVLEOH IURP DQ\ GHYLFH RQ ZKLFK DQ DSSOLFDWLRQ
XVLQJ WKH FRQWDLQHU LV GHSOR\HG DQG PLQLPLVLQJ WKH VXP RI WUDQVPLVVLRQ GHOD\V 7KH
µWHPSHUDWXUH¶ FRQWDLQHU LV XVHG E\ WZR DSSOLFDWLRQV H[HFXWHG RQ WKH PLFURFRQWUROOHU
QDPHO\ WHPSHUDWXUH VHQVRU  DQG  7KLV FRQWDLQHU VKRXOG WKXV EH PLJUDWHG WR WKH
PLFURFRQWUROOHU 7KLV HQDEOHV SDVW WHPSHUDWXUH PHDVXUHPHQWV QRW WR EH ORVW DQG IXWXUH
WR VWLOO EH EDFNHG XS 7KH µHOHFWULFLW\¶ FRQWDLQHU KRZHYHU LV XVHG E\ WKH PHWHU DQG
PRQLWRULQJ DSSOLFDWLRQV ZKLFK DUH ORFDWHG RQ WZR GLVWLQFW GHYLFHV 7KH WZR GHYLFHV DUH
QRW UHJLVWHUHG WR RQH DQRWKHU VR WKDW WKH FRQWDLQHU PD\ QRW EH GHSOR\HG RQ HLWKHU RI
WKHP &RQVHTXHQWO\ WKH 1HWZRUN LV FKRVHQ DV WKH PLJUDWLRQ WDUJHW
7KH FRQWDLQHU PLJUDWLRQV WDNH SODFH XVLQJ PLJUDWHLG7HPSHUDWXUH&RQWDLQHU
LG0LFURFRQWUROOHU DQG PLJUDWHLG(OHFUWLFLW\&RQWDLQHU LG1HWZRUN 7ZR FRQWDLQHUV
QHZ7HPSHUDWXUH&RQWDLQHU DQG QHZ(OHFWULFLW\&RQWDLQHU FRSLHV RI WKH SUHYLRXV RQHV
DUH FUHDWHG RQ WKH FKRVHQ GHYLFHV LH WKH PLFURFRQWUROOHU DQG WKH QHWZRUN
RU PRUH SUHFLVHO\ D VHUYHU LQ WKH QHWZRUN 1R UHJLVWUDWLRQ LV QHFHVVDU\ EXW
QHZ(OHFWULFLW\&RQWDLQHU LV DQQRXQFHG WR WKH VPDUW PHWHU DQG WKH VPDUWSKRQH DFFRUGLQJ
WR DQQRXQFH $SSOLFDWLRQV DUH WKHQ UHGLUHFWHG DQG ROG FRQWDLQHUV UHPRYHG
 (YDOXDWLRQ UHVXOWV
7KH REMHFWLYH RI WKLV VHFWLRQ LV WR SURYH WKH IHDVLELOLW\ DQG VWXG\ WKH VFDODELOLW\
RI WKH SURSRVHG DSSURDFK 7R LPSOHPHQW WKH WUDQVIRUPDWLRQV UXOHV LQWHUYHQLQJ LQ
WKH UHFRQILJXUDWLRQV SROLFLHV ZH XVHG WKH JUDSK PDWFKLQJ DQG WUDQVIRUPDWLRQ HQJLQH
*07( KWWSKRPHSDJHVODDVIUNKDOLO*07(
7KH VFHQDULR GHVFULEHG LQ WKH SUHYLRXV VXEVHFWLRQ KDV EHHQ FRQGXFWLQJ ZLWK YDULRXV
QXPEHU RI DSSOLFDWLRQV DQG FRQWDLQHUV :H VWDUWHG E\ WKH FRQILJXUDWLRQ GHVFULEHG DERYH
GHSOR\LQJ WZR FRQWDLQHUV RQ WKH JDWHZD\ DQG IRXU DSSOLFDWLRQV 7R HYDOXDWH VFDODELOLW\
WKH QXPEHU RI DSSOLFDWLRQV XVLQJ FRQWDLQHUV KDV EHHQ LQFUHDVHG IURP  WR  :H
FRQVLGHUHG WZR WKUHH DQG IRXU FRQWDLQHUV GHSOR\HG RQ WKH JDWHZD\ 7R H[SHULPHQW
WKH G\QDPLF UHFRQILJXUDWLRQ DSSURDFK ZH VLPXODWH WKH ZRUVW FDVH RI WKH JDWHZD\
EUHDNGRZQ &RQWDLQHUV DUH PLJUDWHG WR VXLWDEOH ORFDWLRQV DQG FRUUHVSRQGLQJ DSSOLFDWLRQV
DUH UHFRQILJXUHG WR UHDGZULWH IURP WKH QHZ FRQWDLQHUV ORFDWLRQV 7KH H[SHULPHQWDO
SHUIRUPDQFH HYDOXDWLRQ IRFXVHV RQ WKH H[HFXWLRQ WLPH 7KH UHVXOWV VKRZQ LQ 7DEOH 
GHPRQVWUDWH WKDW WKH H[HFXWLRQ WLPH WR KDQGOH G\QDPLF UHFRQILJXUDWLRQ LV LQ WKH RUGHU
RI VHFRQGV 7KHVH UHVXOWV UHPDLQ DFFHSWDEOH LQ SDUWLFXODU LI ZH FRQVLGHU WKDW
 WKH FDVH ZKHUH  DSSOLFDWLRQV VLPXOWDQHRXVO\ XVH FRQWDLQHUV GHSOR\HG RQ D
XQLTXH JDWHZD\ LV YHU\ LQIUHTXHQW
 WKH H[HFXWLRQ WLPH FRPSULVHV GHFLVLRQ PDNLQJ RSWLPLVLQJ WKH UHVXOWLQJ
FRQILJXUDWLRQ UHFRQILJXUDWLRQ LWVHOI  DQG WKH JXDUDQWHH WKDW WKH UHVXOW LV DQ
LQVWDQFH RI WKH VW\OH LH WKDW LW LV FRUUHFW DQG WKDW QR UROOEDFN ZLOO EH UHTXLUHG
 VLQFH FRQFXUUHQF\ ZDV QRW LQYHVWLJDWHG LQ WKH SUHVHQW ZRUN WKH SURFHVV LV
FRQGXFWHG RQ D VLQJOH WKUHDG HYHQ WKRXJK HYHU\ FRQWDLQHUV FRXOG EH WUHDWHG
VLPXOWDQHRXVO\
7DEOH  ([SHULPHQWDWLRQ UHVXOWV
&RQWDLQHUV $SSOLFDWLRQV ([HFXWLRQ WLPH PV
([HFXWLRQ    
([HFXWLRQ    
([HFXWLRQ    
 &RQFOXVLRQV
7KLV SDSHU ILUVW XQGHUOLQHV OLPLWDWLRQV RI WKH FXUUHQWO\ DYDLODEOH PRGHOV RI 00
V\VWHPV 7KH (76, LV WKH RQO\ VWDQGDUGLVDWLRQ LQVWLWXWH WKDW SURYLGHV D JOREDO HQGWRHQG
YLHZ RI 00 DUFKLWHFWXUHV +RZHYHU V\VWHP DGDSWDWLRQV DUH QRW DGGUHVVHG HYHQ
WKRXJK 00 V\VWHPV JHQHUDOO\ RSHUDWH LQ KLJKO\ HYROYLQJ HQYLURQPHQWV 7R HQDEOH
V\VWHP PDQDJHPHQW ZKLOH VWLOO EHQHILWLQJ IURP IXQFWLRQDO DGYDQWDJHV RI WKH (76, 00
VWDQGDUG D PXOWLPRGHO DSSURDFK LV HODERUDWHG LQ WKLV SDSHU $ JUDSKEDVHG IRUPDOLVP
DOORZLQJ WKH GHILQLWLRQ RI FRQVLVWHQF\SUHVHUYLQJ UHFRQILJXUDWLRQV KDV EHHQ WDUJHWHG DV
D VHFRQG PRGHO 0RUH SUHFLVHO\ ZH IRUPDOO\ FKDUDFWHULVHG 00 V\VWHPV E\ D JUDSK
JUDPPDU &RQVLGHULQJ D ELOD\HUHG DSSURDFK EULQJV WKH LVVXH RI LQWHUOD\HU FRKHUHQF\
6LQFH WKH V\VWHP LV G\QDPLF OD\HUV KDYH WR HYROYH WR ILW LWV FXUUHQW VWDWH %HVLGHV
HYROXWLRQV FDQ RULJLQDWH IURP ERWK OD\HUV VLQFH GLVFRYHU\ DQG UHFRQILJXUDWLRQV DUH
FRQGXFWHG UHVSHFWLYHO\ LQ WKH IXQFWLRQDO DQG IRUPDO RQH &RQVHTXHQWO\ ZH GHILQHG
ELGLUHFWLRQDO FRPPXQLFDWLRQV 7KHVH ODVWV WULJJHU DFWLRQV XSGDWLQJ D OD\HU VXFK DV ERWK
UHSUHVHQWDWLRQV HYROYH LQ D FRQVLVWHQW IDVKLRQ
$GGLWLRQDOO\ WKH DSSURSULDWHQHVV RI WKH SURSRVHG IUDPHZRUN LV VKRZQ E\ GHILQLQJ
KLJKOHYHO VHOIPDQDJHPHQW SROLFLHV 1RWLFHDEO\ ZH HODERUDWHG VFHQDULRV UHODWHG WR
00 LVVXHV DQG SURFHGXUHV WR FRSH ZLWK QHZ UHTXLUHPHQWV DQGRU SUHYHQW IDLOXUHV
$SSOLFDELOLW\ RI WKH DSSURDFK LV GHPRQVWUDWHG WKURXJK D VPDUWPHWHULQJ XVH FDVH ,Q
SDUWLFXODU ZH FRQGXFWHG D SURFHGXUH SUHYHQWLQJ GDWD ORVV FRPSRUWLQJ RSWLPLVDWLRQ
FRQFHUQV ,PSOHPHQWDWLRQ RI WKLV VFHQDULR DOVR VHUYHG DV D EDVLV IRU WKH DSSURDFK
HYDOXDWLRQ
6LQFH ZH GHPRQVWUDWHG WKH DSSURDFK DSSOLFDELOLW\ RXWORRNV DUH WZRIROG DSSOLFDWLRQ
H[WHQVLRQ DQG IXUWKHU RSWLPLVDWLRQ )LUVWO\ ZH SODQ RQ SXUVXLQJ RXU LPSOHPHQWDWLRQV
HIIRUWV WR IXUQLVK DQ DXWRQRPLF IUDPHZRUN KDQGOLQJ DV PDQ\ HYHQWV DV SRVVLEOH 6HFRQG
ZKLOH FRQVLGHULQJ UHFRQILJXUDWLRQ SROLFLHV LQ UHDFWLRQ RI HYHQWV ZH VXSSRVHG WKDW HYHQWV
DUH LQGHSHQGHQW DQG RFFXUULQJ LQ VHTXHQFH 7R LPSURYH WKH VFDODELOLW\ DQG SHUIRUPDQFH
ZH DUH FRQVLGHULQJ WKH XVH RI FRQFXUUHQF\ DQG SULRULW\ ZLWKLQ HYHQWV DQG UHDFWLRQV SODQV
,Q SDUWLFXODU ZH VKRXOG JUDQW WKH SRVVLELOLW\ WR PRGLI\ DQ RQJRLQJ UHFRQILJXUDWLRQ LQ
UHDFWLRQ WR DQ HYHQW
$FNQRZOHGJHPHQWV
7KH ZRUN SUHVHQWHG LQ WKLV SDSHU KDV EHHQ SDUWLDOO\ IXQGHG E\ WKH $15 LQ WKH FRQWH[W
RI WKH SURMHFW 623 $15,1)5
5HIHUHQFHV
%RQDNGDUSRXU % %R]JD 0 -DEHU 0 4XLOEHXI - DQG 6LIDNLV -  µ$XWRPDWHG
FRQIOLFWIUHH GLVWULEXWHG LPSOHPHQWDWLRQ RI FRPSRQHQWEDVHG PRGHOV¶ ,QWHUQDWLRQDO
6\PSRVLXP RQ ,QGXVWULDO (PEHGGHG 6\VWHPV 6,(6 SS±
%UDGEXU\ -6 &RUG\ -5 'LQJHO - DQG :HUOLQJHU 0  µ$ VXUYH\ RI VHOIPDQDJHPHQW
LQ G\QDPLF VRIWZDUH DUFKLWHFWXUH VSHFLILFDWLRQV¶ 3URFHHGLQJV RI WKH VW $&0 6,*62)7
:RUNVKRS RQ 6HOIPDQDJHG 6\VWHP :266 SS± $&0 1HZ <RUN 86$
%UXQL 5 %XFFKLDURQH $ *QHVL 6 +LUVFK ' DQG /DIXHQWH $/  µ*UDSK EDVHG GHVLJQ
DQG DQDO\VLV RI G\QDPLF VRIWZDUH DUFKLWHFWXUHV¶ LQ 3 'HJDQR 5 1LFROD DQG - 0HVHJXHU
(GV &RQFXUUHQF\ *UDSKV DQG 0RGHOV 9RO  RI /HFWXUH 1RWHV LQ &RPSXWHU 6FLHQFH
SS± 6SULQJHU %HUOLQ+HLGHOEHUJ
&KRPVN\ 1  µ7KUHH PRGHOV IRU WKH GHVFULSWLRQ RI ODQJXDJH LQIRUPDWLRQ WKHRU\¶ LQ ,(((
7UDQVDFWLRQV RQ 9RO  1R  SS±
(KULJ +  µ7XWRULDO LQWURGXFWLRQ WR WKH DOJHEUDLF DSSURDFK RI JUDSK JUDPPDUV¶
LQ + (KULJ 0 1DJO * 5R]HQEHUJ DQG $ 5RVHQIHOG (GV *UDSK*UDPPDUV DQG 7KHLU
$SSOLFDWLRQ WR &RPSXWHU 6FLHQFH 9RO  RI /HFWXUH 1RWHV LQ &RPSXWHU 6FLHQFH SS±
6SULQJHU %HUOLQ+HLGHOEHUJ
(61$ (QHUJ\ 6HUYLFHV 1HWZRUN $VVRFLDWLRQ >RQOLQH@ KWWSZZZHVQDRUJ
(76, )$ 75 (76, )XQFWLRQDO $UFKLWHFWXUH 7HFKQLFDO 5HSRUW >RQOLQH@
KWWSZZZHWVLRUJGHOLYHUHWVL WV  
WV YSSGI
(76, 75 (76, 7HFKQLFDO 5HSRUWV >RQOLQH@ KWWSZZZHWVLRUJ
WHFKQRORJLHVFOXVWHUVWHFKQRORJLHVPP
(76, (XURSHDQ 7HOHFRPPXQLFDWLRQV 6WDQGDUGV ,QVWLWXWH >RQOLQH@
KWWSZZZHWVLRUJ:HEVLWH7HFKQRORJLHV00DVS[
*07( *UDSK 0DWFKLQJ DQG 7UDQVIRUPDWLRQ (QJLQH >RQOLQH@
KWWSKRPHSDJHVODDVIUNKDOLO*07(
+LUVFK ' ,QYHUDUGL 3 DQG 0RQWDQDUL 8  µ0RGHOLQJ VRIWZDUH DUFKLWHFWXUHV DQG VW\OHV
ZLWK JUDSK JUDPPDUV DQG FRQVWUDLQW VROYLQJ¶ LQ 3 'RQRKRH (G 6RIWZDUH $UFKLWHFWXUH
7& VW :RUNLQJ ,),3 &RQI RQ 6RIWZDUH $UFKLWHFWXUH :,&6$ SS± .OXZHU
6DQ $QWRQLR 7H[DV 86$
,362 ,3IRU WKH &RQQHFWLRQ RI 6PDUW 2EMHFWV >RQOLQH@ KWWSZZZLSVRDOOLDQFHRUJ
/H 0HWD\HU '  µ'HVFULELQJ VRIWZDUH DUFKLWHFWXUH VW\OHV XVLQJ JUDSK JUDPPDUV¶
,((( 7UDQV 6RIWZ (QJ 9RO  1R  SS±
/RXORX , .DFHP $+ -PDLHO 0 DQG 'ULUD .  µ7RZDUGV D XQLILHG JUDSKEDVHG
IUDPHZRUN IRU G\QDPLF FRPSRQHQWEDVHG DUFKLWHFWXUHV GHVFULSWLRQ LQ ]¶ 3URFHHGLQJV RI WKH
,&36 ,QWHUQDO &RQIHUHQFH RQ 3HUYDVLYH 6HUYLFHV SS±
20* 80/  2EMHFW 0DQDJHPHQW *URXS 8QLILHG 0RGHOOLQJ /DQJXDJH 6SHFLILFDWLRQ 
6XSHUVWUXFWXUH 20* GRF IRUPDO
3DQGH\ 6 0XS 06 & 0+ DQG +RQJ -:  µ7RZDUGV PDQDJHPHQW RI PDFKLQH
WR PDFKLQH QHWZRUNV¶ LQ 1HWZRUN RSHUDWLRQV DQG 0DQDJHPHQW 6\PSRVLXP $31206
WK $VLD3DFLILF SS±
5RK 6 .LP . DQG -HRQ 7  µ$UFKLWHFWXUH PRGHOOLQJ ODQJXDJH EDVHG RQ XPO¶
3URFHHGLQJV RI WKH WK $VLD3DFLILF 6RIWZDUH (QJLQHHULQJ &RQIHUHQFH $36(& µ
SS± ,((( &RPSXWHU 6RFLHW\ :DVKLQJWRQ '& 86$
5R]HQEHUJ * (G  +DQGERRN RI *UDSK *UDPPDUV DQG &RPSXWLQJ E\ *UDSK
7UDQVIRUPDWLRQV )RXQGDWLRQV :RUOG 6FLHQWLILF 6LQJDSRUH 9RO 
6HORQHQ 3 DQG ;X -  µ9DOLGDWLQJ 80/ PRGHOV DJDLQVW DUFKLWHFWXUDO SURILOHV¶ 6,*62)7
6RIWZ (QJ 1RWHV 9RO  SS±
6KDUURFN 5 0RQWHLO 7 6WROI 3 +DJLPRQW ' DQG %URWR /  µ1RQLQWUXVLYH DXWRQRPLF
DSSURDFK ZLWK VHOIPDQDJHPHQW SROLFLHV DSSOLHG WR OHJDF\ LQIUDVWUXFWXUHV IRU SHUIRUPDQFH
LPSURYHPHQWV¶ LQ ,-$5$6 9RO  1R  SS±
7,$ 7HOHFRPPXQLFDWLRQV ,QGXVWU\ $VVRFLDWLRQ >RQOLQH@ KWWSWLDRQOLQHRUJVWDQGDUGV
:HUPHOLQJHU 0 DQG )LDGHLUR -/  µ$ JUDSK WUDQVIRUPDWLRQ DSSURDFK WR VRIWZDUH
DUFKLWHFWXUH UHFRQILJXUDWLRQ¶ 6FLHQFH RI &RPSXWHU 3URJUDPPLQJ 9RO  1R 
SS±
